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i::) ABSTRACT i
\ ;
{::) the purpose of this program was to develop two thermal-shock-resistant ;

~omposite carbide systems that could be reliably used with high-flame-temperature 2
ii:) solid rocket propellants. The selected systems were (1) & microcomposite f
B consisting of a tzntalum/hafnium monocarbide and tantalum/hafnium alloy, and :
g”‘) (2) a tantalum-carbide coated, tantalum carbide/graphite hypereutectic. §
- Fabrication procedures were developed, and ambient and elevated tempera- %
{‘ ture properties were characterized for both the microcomposite and TaC-C hyper- %

eutectic systems, The composites were evaluated for thermal shock and chemical

ik,

corrosion resistance in a3 hyperthermal environmental simulator using subscale

.

inserts., The TaC-C composite exhibited outstanding thermal shock resistance, ;

j

while the microcomposite showed excellent corrosion resistance.

=
"

{::) Scala-up of the fusion casting of the TaC-C hypereutectic composite to
produce 4,2-in.-dia by 3.0-in.,~long billets was demonstrated. Two solid pro-

A:) pellant motor firingc using 6500°F propellant were conducted on nozzles
- containing TaC-C hypereutectic throat inserts.
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SECTIOR I

INTRODUCTION

This report prasents the resulta of the Advanced Composite Carbide
Nozzles Program conducted under Contract AF 04{611)--11608 and is oxrganized
into the five basic areas of work: (1) development of microcomposite,
(2) development of tantalum carbide, lined-tantalum carbide’/carbon hypereutectic
composite, (3) thermal-shock-resistance evaluation, (4) ciemical corrosion

evaluation, and (5) demonstration firing teats.

A primary objective of this program wis to develop thermal-shoci-
resigtant composite cerbides that can be reliably used as =0iid rocket nozgle
ingerts to successfully withstand solid :-ocket propellants having high flage
temperatures (+6800°F) at a chamber pressure of 7C0 psi.

A. SIGNIFICANT FACTORS

The twn most significant factors that influence the development
and performance of carbide rocket noszles are (1) material composition and

(2) thermal shock resistance.

1, Material Composition

Composite carbides for rocket noszszle applicetions must incor-
porate a ductile matrix to increase thermal shock resistance and a carbide
phase to provide high temperature capability. On this basis, consideration
must be given to the following factors:

a. Only the monocarbides of tantalum, hafniwm, and aixtures
of the "wo have high enough melting points to withstand propellant flame
teaparatures i{n excess of §800°F,

Page 1
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I, A, 8ignificant Pactoxs (comt.)

b. The ductile phase within the carbide matrix must be
Muny and setallurgically stable. Low melting temparsturs phases must
not form by reaction of the carbide structure with the ductile matrix. In
sarly programs throughout the irdustry, this problem of internsl reactions
resulted in the failure of carbide composites,.

c. The raw meterials must not be contaminated. Impurities
can reduca the melting tsaperstures of the high-tempersturs phases of the
‘composites ss well asz inhibit the formation of desireble microstructures. 1In
sédition, impurities inhibit sintering and thus reduce the subsequent atrength
of the fabricated insert.

2. Tharmal Shock Resistance Factors

Therma! shock failure in brittle materials occurs when
exceaseively high strasses created by differential thermal expansion imposed
by thermal graaients crunot be relieved by slastic or plastic flow. These
stresses initiate cracks which propagate through the material and cause
failare,

The thermsal shock resistance of a material is not a materisl
prop‘xt.y but i1 dependent on complex interreiaticuships beivasn the material
properties =i it enviroomsut. As a result, the thermal shock resistance of
composite boﬁu cannot be clesrly defined. A number of investigators have
studied mml shock and have sstablished thermal shock and property relation-
dli’l Altb«a.h these relationships camncvt be determined with high relisbility,
there is some cotrslation of ﬂnm_l shock mailationshipe wiih tharmal shoek
- tasta. ‘
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I, A, Significant Factors (comt.)

Bolond and Walton (Raference 1) reviewed the subject of
tharmal shock and listed the five thermal chock paramaters most frequently
used:

S
E-ai_:

R = 5 _(1-y)
ol
SK

‘-ﬁ .

g o SK_(1-p)
oF

R = sSa gx-gz
alk

where
R =~ thermal shock resistance index

§ = strength
E = Young's modulus
¢ = linear therwal expansion coefficient
u = Poisson's ratio
K = thermal conductivity
a = thermal diffusivity = %:_‘-

where ¢ «» specific heat

p = density

The properties of tensile streagth, modulus, and therwal
expansion zre the moet significaut properties, sppearing in sll five of the
relstionshipa. Though conductivity sppears in omly three of the relationships,
its importance in estadblishing the thermal gradient makee it also a very sig-
nificent property. Poisscun'e ratio, density, snd specific hest can lead to a
better understanding, but are of lasser isportancas.

Page 3
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"1, A, Sigaificent Factors (comt.)

. TPor rockat nossls applications, it is desirsble to dewaiop
compositss with high tecsils strength bacause thermal shock cracking geverally
initistes in tension. The modulus of elssticity of the composite should be as
low as possidle to ellow elestic deformation during the periocd of high thermally
inducod stross gradients. The development of composites with low therwal
sxponsion properties raeults in a lower level of tensile stress .n the cold
mterial than for a high expension material with the sams temperature gradiemt
profile. A composite with high thermal conductivity =icimizes Zhe thermal
gradient probles vhich could create critical tensile otresses on cutaide-
¢ismater of nozzle insezts.

B. COMPOSITE MATERIAL SELECTION

The camposite wmaterials evaluated during this program were
selected from previous wotk at Asrcjet. This work indicated that composite
materials consisting of a metal phase snd a carbide phase or graphite and a
carbide ;hnl‘hm goed pdmrial for reasousbly good thermal shock resistance
at low tempsrstures, and at ths sams time maintaining refractory properties at
firing tempersturss. The metsl phase provides low-temperature ductility and
recistence to the propagation of cracks. Likewise, the graphits phase provides

‘vesistaace to crack propagativn. The carbide phase provides the high-temperature
propartisa. A drief discussicn of the two syafems is as follows:

1. Microstructural Composite

. Ths sicrostructural composite is based wpon the Ta-RHE-C phase
dlagrun dewelopad by Asrojet (Refersnce 2) see Figure 1.  Phase equilibria in
the Te-Hf-C system show that at the composition range near 10Ta/S50Rf and

| S0Ta/408E 8> 37 to 40 &tIC, thave ia chesical compatibility decwsen metal

alioy sad refractory wosocarbide over o wide tempersture range, KT to 1850°C

- is:&t‘t)" ‘In sddition, the moeocarbide at this composition becoass

Page &
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1, B, Composits Material Selection (cort,)

disproportionsts on cooline below approximately 2000°C and the metal slloy
precipitates within the csivide grains. The shifting equilibrium, shown by
the shifting cf tha boundary line separating the monocarbide and the two phase
(8 + 8) can be sear by comparing Figure 2 and Figure 3, vhich are isothermal
sections at 1850°C and 2000°C (3832°r).

~ Upon rehaating of the aicrocompoeite, the metsl alloy phase
becomie & disappesting phase by inverting to the monocarbide phase because of
the increased solubility of the carbide for the metal phase. This phase rela-
tionship also occurs in the hafaium-carbon binary system. The incresaing
sclubility of hafnium in the monocarbide on heating from awbient to 2360°C can
be sesn in Pigure 1. Figure 4 is 2 aet of photomicrographs typical of rhis
concept and shows the moot desirsble two-phase composite structure as well as
rt'bo single~phase structurs resulting from heating above 2200°C (4000°Y).

2, Tantaluw-{arbide-Lined Hypereutectic Composite

The hypereutactic composits system consists of a high-density,
thip-taatalum msac srbide (melting temperature approximately 3950°C or 7150°F)
liner formed _’_‘3_ situ oo a tantslum carbide/graphite hypereutectic substrate.
This substrate possesses good thermal shock res{stsnce, has s alnimm meltiag
point of IAM'C (6230°F) {Raference 1), and has a therzal expansion that is
campatible with that of the limer. The hyperevtectic structure f{as charactertized
by dispersad grasphite {lakes in tha worocarbide-graphita eutectic metrix

(Mgure 35),
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Filgure 2.

ATOMIC % HAFNIUM

Temperature Section at 183Q°C (336I°F)
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Figurae 3.

e ATOMIC % HAFNIUN ——*

Temperazure Section at 2000°C (3632°F)

Page B

s re————

()
()
()
()

B
()
()

e he o e ettt il

P TR




Pigurs 4.

e i o Y TS bt 4 i o

Report AFRPL-TR-68-143

400X

Typical Microstructure of Two-Fhase Composite Carbide Hf-C
Matrix and Hf Metal (White Regions) Which Charges on Heating
above 2200°C (4000°F) to & Stable Sulid Solutiom Hf-C (Top)
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Black Striated Regilons 100X ( ‘)
are edges of graphite fiskes ]

Figure 5. Typical Microstructure of Tantaluw Carbide/Graphite
Bypereutectic Structure (Melt-Formed at 3500°C)
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SECTION II

SUMMARY |
A. DEVELOPMENT OF MICROCCMPOSITE

1. Development of Fabrication Procedures

Tantalum, hafnium, tantalun~monocarbide, and hafnium—
monocarbide powders were the starting materials for the microcomposite system.
Six material compositions (18Ta-45Hf-37C, 13Ta-50H¢~37C, 8Ta-55Hf-37C,
13Ta-47H£~40C, 10Ta-50H£-40C, and 5Ta-55Hf-40C) were investigated along with
two starting material metal ratios. Specimens vere fabricated by hot pressing

with varying sintering temperatures, times, cooling rates, and pressures to

obtain the deosired structures.

It was determined that density increased with time at tempera-
ture and a significant decrease in density occurred with increasing temperature
as a result of carburization. Some latitude was found in the hot-press condi-
tions required to produce the desired microcomposite microstructure frow the
three compositions containing 317 atXC. The hot~press temperature can vary from
2500 to 2700°C for pressing durations between 5 and 15 minutes. A relatively
fast cooling rate, 500°C/minute, developed the desired fine needle~shaped
metal alloy precipitaticn. Slow cooling vates, 50 to 100°C/minute, resulted
in consclidation of the metal phase intoc both spherical and large aeedle shapes.
Heat~treated was found tc agglomerate the needle-shaped metal alloy precipi-
tate. The three compositions with nominzal 40 at¥C contained no wmetal alloy

phase.

2, ¥sterial Properties Characterizstion

Flexural strength, modulus of elasticity, denaity, and metal-
alloy phase development wvere determined for tha six microcomposite compositions.

Applying tha criteria for optimum thermal shock charactevistics which favor

Page 11
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EX, A, Development of Microcomposite (ccat.)

high strength and low modulus of elasticity, two campositions, oTa-55H£-37C
sad 00a-548£-38C, were chosen for slevated temperaturs properties, thermal
ohotk, snd chemical corrovion characterization. The slavated tewperature tests
shoved that tasse two compositicne had flexure strengths considerably higher
than thaose reported for monocarbides. The thermal expansion and diffusivity
4z¢a were compsrsble to the monocarbides.

3. DEVELOFMENT OF TANTALUM CARBIDE LINED-TANTALUM CARBIDE/CARBOK
HYPEREUTECTI.C COMPOSITE

i. Devalopment of Fabrication Procadures

_ The febrication procese utilized to produce the hypersutectic
élttido ‘composita was a fusion snd drop-casting techuique. Fabrication proce-
duves were develuped for four compoeitions (80 v/o TaC-20 wfo C, 70 v/o Tal-
30 vio C, 60 v/o TaC-40 w/o C, and 50 v/o TaC-50 v/o C). In initial scale-up
studies, 1,3-in.-dia by 3.0-in.-loug billats were produced. Final scale-up wasa
to & dillet size of 4.2 in. dia by 3.0 in. long. A diffusion process for
- forminag a TaC liner on a TaC-C hypereutectic substrate was demonstrated.

2. DJiateriel Fropsrties Characterization

sabiant and elavatad teapsrature testing was conducted on
epacinmens containing warious carbon contents. The flexurs strength and modulus
. of elpsticity dscrossed with increasing cazbon content. The strength of a given
mm at the asme taat tempersture could be correlated with the morphology
- af the grephite flakes. Viakas that are thin, short, and evenly dispersed are -
conducive to higher strangth. The thermal expsnsion character{stics closely
' follawed the expassios bebavior for tentslum monccarbide,

Page 12
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11, Summary (cont.)

C. THERMAL SHOCK AND CHEMICAL CORRCSION EVALUATIONS

Thermal shock resistance and ~emical corrosion tests were con-

(‘) ducted in a Byperthermal Enviroumental “imulatcr (HES) &t high cold wall hesat
- flux levels (2800 to 4400 atu/ftzluc) on two microcomposite compositions and
) (D on various TsC-C hyparsutectic compositions. Both microcomposite compositions
) underwant fine thermal stress cracking; the 8Ta-55Hf-37C compceition had better
‘) thermal shock resistance than the 8ia-54Hf-38C composition. The hypereutectic
( composites had outstanding thermael shock resistance. Cracking was observed in
- only one specimen which was fourd to be of e¢utectic composition. The carbide
{ “) composites were compared to G~99 graphite in the chemical-corrosion tests.
= The two microcomposite corpoeitions were equal in resistance to attack and the
( ) surface regreseion rates were considerably lower than the G-90. The TaC-liued
_: hypereutectic compcsites were approxiuately the seme as the G-90 graphite. The
{ ) better performance of the microcumposite wvas sttributed te the formetion of a
- higher melting oxide, Bfoz, on the flame surface of the microcomposite in
(“) comparison to the 8Ta,0¢ formation on the hypereutectic.
ﬁ . D. FABRICATION OF NOZILE INSERTIS AND DEMONSTRATION FIRING TESTS
‘)
_ Pive approxiwately 4.2-in,-dia by 3-in.-long nozzle inserts were
{ \} fabricated: two microcompoeites by hot pressing and three hypereutectics by
- casting. The first microcomposite insert cracked during hot-pressing. The
{ —\ second insert cracked during machining which was prcbably due to the existence
i of microcracks or high residusl stresses during cooldown. Two hypereutectic
& \> inserts were fabricated, and the third vas sectioned for laborctory exsminaticn.
bt Two solid propellant motor firings were conducted using the AFRPL 36-in.-

nominal~ineide dis char motor to demonstrate the performsance of the TaC-C hyper-
eutectic system. The noszle asscmb). for the first motor had a segmented throat
insert. During test firing, the aft segment cf the throat vas ejected at

38 sec. The postfire analysis attributed fallure to umeven material loss vhich

)
)
‘) Page 13
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X; B, Fabrication of Noszls Inserts and Demoustration Firing ‘Jests (comt.)

: MM in buckling and ejection of the segment. In the second noszle, a
Ms plece throat was succeesiully test firved for 43 sec. The propellant
k‘ n m theoretical fisme temperature, and the chawbar pressure was 750 psi.

: The Wu rate (1.06 mdl/sac) at the throat ves very low and

m shock resistancs vas excellent. This firing demonstrated & significant
.-n&m in cardbide techmology for rucket applications and verified the
pmuax of Tal-C hypereutectic composites for high-performance, solid
props.lant motors.

Page 14
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SECTION IIX
TECHNICAL DISCUSSION
TASK 1--DEVELUPMENT OF MICROCOMPOSITE
The objective of this work was to investigate the relationship of
material and processing variables on phase configurstions, to develop a fabri-
cation technique suitahle for scale-up, and to characterize mechanical and

therral properties st ambient and elevated temperstures.

1. Starting Material Characterization

Tantalum, hafnium, tantsalus sonocarbide, hafnium monocarbide,
and graphite powders were the etarting materials four the microcomposite. The
sources of material were: tantalum and hafnium powders--Wah Chang Corporatiom;
tantalum carbide-—Wah Chang Corporsation amd Kawecki Chemical Corporatiom;
hafnium carbide——produced at Aerojet; and graphite powder, Grade GP-48--carbon
Products Division, Union Carbide Corporationm.

a. Preparation of Hafniwm Carbide

Hafnium carbide was produced by the carbothermic reduction
cf hafolum dioxide. The carbothermic reaction was conducted {n & 100~kw Heraeus
high vacuum inductiom furnace., Because of the high temperature thermodynamic
stability of the Hf-0<C complex, high vacuum degassing at 2200°C was required to
reduce the partial pressure of the evolved CO to dring the reaction to comple-
tion. Processing for approximately 8 hr at 2200°C reduced the {O evolution,
and & finel vecuum of 1 x 10'5 torr was achieved, resulting {n an essentially

oxygen-free carbide,

Page 15
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III, A, Tosk l-Development of Microcomposite (cont.)

The firet grinding of a batch of HfC for 12 hr by

mpm carbide ball milling with a carbon tetrachloride mudium resalted ia
. em incresse in the oxygen content from 89 to 3066 ppm. Results of & grinding

stuly showed that s winimum of 4 hr of ball-milling was required to comminute
all the BEC to & particle size finer than &4 microms. The oxygen content

_w detrissantslly from 89 to 4380 ppm.

Dry grinding in an agate mortar ves also evaluated as an

expedisnt asthod for producing small batches of low-oxygen-content carbide for

the microcomposite development work. This resulted in the oxygen comtent
increasing from 89 to 268 pym, vhich vas satisfactory for developing the micrc-
composits, but spprosched the maximum allowable content. Ball-milling the
carbids to the required particle size distribution, followed by & high vacuus
mh(at 2200°C in the Heraeus induction furnace, vas selected as the best
approacli. The datches of as-produced HfC were blended together, ball-milled
fer 12 b~ to producy an swerage particle size less than 10 microns, and vacuum

- dugassed at 2200°C. Final grinding was condv:ted in an inert atmephere glove-box.

b, Reaults of Characterization Tests®

The following characterization tests wvere conducted
on the starting witerials:

Analyses , Material
Chemical
a., Totsal carbon Tal, RfC
B, Fras carbom Yal, HfC
€, Oxvgen Ta, Hf, TaC, HIC
4. Spectrographic €, Tes, BI, Tall, HEC, Hf(‘:z
Particle sise ; C, Ts, Hf, TaC, HfC

X-.ray diffracticn - Tal, HIC

W& discussion of the test proceduras used throughout the program for determining

pertissat thermsl, chemical, puyeical and structural properties fe presented in
“the Appecdix.

Page 14
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111, A, Task 1--Development of Microcomposite (cont.)

(1) Chemical Analysis

Table I shows the results of the chemical analyses
on all the starting materials. For each material, with the exception of the
graphite powder, an analysis was furnished by the supplier and a comparative
analysis was conducted to Jerify the major concentrstion of impurities. Resulia

from the two separate analyses were in satisfactory agreement,

(2) Particle Size

0 o NN i Lt T s e D" s D

J The average particle size of the starting mate-lals

as determined by Fisher subsieve analyses is given in Table I1. The particle-~

b size distribution by the Andreason sedimentation pipet method is plotted in

Rotip

Figure 6,

(3) X-Ray Diffraction

TR e

The lattice parameters for the HfC and Ta. obtained

L ) .
from the exposures with Cu-Ka-radietion were a = 4.635 A and & = 4.445 A,

T

reapectively, wvhich are in good agreement with the reported literature

(Reference 3).

2. Development of Fabrication Procedures

a. Experimental Procedures

To achieve & dense {exceeding 951 of theoretical) composite
o with the proper two-phase microstructure and compeosition, twe fabrication steps

L were utilized: (1) hot-pressing and (2) heat treatment.
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TABLE 11

FISHER SUBSIIVE SIZIR AMALYSES

Average Psrticle Dismeter, :éj

Microns ,,

Tantalun carbicdse 6.5 a

Hafnium carbide 3.0 §

Hafoium 7.3 i

Tantalusm 14.6
Caybon 3.0
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Figure 6. Andrea-on ¥ipel Particle-Size Distribution Curves
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I1I, A, Task l—Dsvelopment of Microcomposite (cont.) ‘ ;

The developmental hot-pressing wvas conducted using a
rapid heating hot-press which can reach a temperature of 3600°C in less than
5 minutes and maintain this temperature for prolonged durations. A schematic
of the furnace arrangement is shown in Figure 7.

Temperatures were contrailed by a varisble rhecstat used
ia conjunction with an optical pyrometer sighted on the surface of the die.
The very fast hesating und cooling rates minimisze the reaction between the
sanple aaterial and the die. Carbon snalyses of the sample, after hot-pressing,
were used to determine any change in carbon content during the hot-press

operation,

The levels of fabrication variables that were evalucted

are as follows:

Atomic Percent of Metal and Csrbon Powder

Ta HE 4
18 45 37
13 50 37

8 55 k¥
13 47 40
10 50 &0

5 55 40

Composition of Stsrting Materisl Metals Ratio®
80 Ta/20 ¥¢ 50 Ta/50 Hf

Compaction Pressure, psi
500 and 3000 pai

*Ratio of Ta and Hf metsl powders used in starting material formulation.

Page 21
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HYDRAULIC RAM
! = GRAPHITE PISTON
8 .
— amd
UPPER GRAPHITE HOLDER
L.S"

GRAPHITE DIE

SPECIMEN

e

GRAPHITE HEATER
5025' 2’0'

~— LOWcR GRAPHITE HOLDER

i
e O

! ~ GRAPHITE SUPFORT

— 2,0 P

Figure 7. Schematic of Hot-Press Furnace
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111, A, Task l-—Developwent of Microcomposite (comnt.)

Sintering Cycle
Time, minutes: 2, 5, 10, 15, 20, 30, an* 45
Temperature, °C: 2000, 2200, 2500, 2700, and 2800

Cooling Rete: 50°C/nm nute to 1500 and 1800°C
100°C/xinute to 1500 and 1800°C

Hag! Treatment
1600°C for 18 hr, 1800°C for 64 hr, 2200°C for 54 hr

Density and metallography were used to establish tha
effect of the processing variablaes on phase relstionships. X-ray diffraction
snalyses were used to werify that the equilibrium metal and carbide composition
had been achieved.

b. Experimental Results

{l) Carburization in Hot-Pressing

In initisl hot-pressing experiments, the formation
of a carbirized layer on the microcomposite was observed. However, it could
be minimised through proper control of time and temperature of the hot-pressing
cvcle, Typical carburized layer formations are shown in the microstructure
of Figure 8, which 1s a specimen hot-pressed at 2800°C aud 3000 psi for
15 minutes. The carburized layer developed as s fvnction of temperature as
shown graphically in Figure 9.

A compariscn of the two curves, Figure &, for
sezples hot-pressed for 15 minutes with starting material metal ratics of
20Ta/80Hf and 50Ta/50Hf showed no significant difference in carburization
dapths as a result of thisz composition variation. Alsc, the difference in
carburizstion depthe between 15~ and 30-afosute durstions of hot-pressing

Fage I3
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slole

Ty O

Carburization Zone
SC0 Microns

13T - S0HL-37C 100X

Figure 8. Typical Carburized Layar Formation (Specimen
Hot-Pressed at 2800°C for 15 min at 3000 psi)
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: m. A, Task l—Developmsnt of Microcomposite (coat.)

. lmutud,w,uuu the zapid increase ia carburisation depth with
. ampezatere. The carburised layer could be limited to spproximetely 0.5 mm,
. thae peysitting ths hot~precs techaiqus to be satisfactorily amployed for
, fabricating the microcsmposite structure.

(2) Composition Chergss

Compoeition comtrol of the microcomposite during
bot~pressing wes juiged by the fimal carbon coutent after hot-pressing. Extreme
£Ars vas usoescery to cbtais carbon analysis semples from ths small 10-gm
specimens without extracting a portion of the carburized layer contsining high
carbon concestrstions. Tsbie ITI shows the results of carhon analyses of
specineng ae affected dy starting compositions and time st hot-pressing tempers-
turs. Por short hot-pressing duratione, 5 to 10 minutes, the compositions con-
cedaing 37 stX carbon had net increases in cerbon costent ranging from 0.77 to
2.8 at2, The desired two-phasa microcomposite structurs vas obtained with
these 37.77 to 39.86 atX carboa campositions. Longer hot-prese durations,

20 to 30 xinutes, resulted inm carbon content incresses of 3.19 and 3.72 atX,
respactivaly, snd ast incresses in csrbon contents for ths composition
107a-50R£~40C yanged from 1.0 to 5.13 atX carbon, vhich shifted the final
compositicns toc the somocarbide regiom.

(3) Demgification

7 Becsuse of the deleterious effect of porosity on
machanical atrength, ths effecte of hot-press tesperaturs, time, heat trratment,
and pressure oo density wers evaluated. Test results for the {nitial avslua-
tion of the 13Ta-30Mf-37C composi’ ‘on, shown in Teble IV, show that the density
incroassd as the hot=press tempersture and tisa incressed. Eowever, as solution
ad precipitatice of the mstal phase prograssed, there was s corrssponding change
in the mtiul dewsity, and tha degree of dessification wae best Judged
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Report AFRPL-TR-68-143

TABLE 1V

‘ Hot-Press 3000 psi 1800°C/62 hr  2200°C/54 hr
- . Deneity Dansity for Denaity for
‘Seavting Metorial  Tempersture, for Duraticus, H€.P. Durations, H.P. Dunsions,
~Sampositice i e L _am/ca
15 min 30 min 1S mln 30 min 15 min 30 min
: Metals ratio
207a/800¢ 2000 12.47 12.77
1 2200  12.32 12.66
: 2500  12.40 12.83 12.91
2700 12,72 12.87 12.97 11.76
2800 12.94 12.88 12.81 11,15 12.60
Metals ratic
© SUra/sSONS 2000 12.22 10.86
2200 12.65 10.95
2500 12,75 12.84 11.84  11.3%
2700 12.75  12.87 12.97 10.72
2800 12,58 12.85 12.76 12.51
A
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Report AFRPL-TR-68-143
11I, A, Task l-~Development of Microccmpoeite (comnt.)

metallographically. Heat treatment of the hot-pressed speciuens at 2200°C for
54 hr in vacuum tended to lowar the density due tc mslting end loss of residual
wetal alloy phase (m.p. 2100°C), wvhich was in excess of that which could be
taken into solution in the carbide. This resulted in imcreased porcaity., Haat
treatment at 1800°C for 62 hr in vacuum increased the density.

Hot-pressing at 500 ps{ resulted {n spproximately
10X iess density than at 3000 psi. Metallographic examination confirmed that
neariy 10X porosity remained in the structures. By extending hot-press time
at temperature to 30 minutes, the porosity was decreased tc lass than 5%,
Incressing the time could have provided higher density, but 45 minutes resulted
n extreme carburization depths which established that durations greater than

30 aiputes were not consjdared practic:ai,

The apparent densities of specimens hot-pressed
from all the compocitions inveastigated sre listed in Table V. As determined
in thc initisl tests, density incressed with tixe at a constunt temperazture
and pressure. The significant decrease ir density with temperature as shown
in Figure 10 is due to the ‘ncre2ased carburization. Increasing tantalum content
while decrsasing the hafpium content by the same perceuntage at a constant carbon
content resulted in ax incressed composite dersity because tantalum has a higher
density. The three compositioms coantaining & atl carbon had lower densities
than those containing 37 atX carbon. The lowsr dersity was & rssult of higher
porozities in the compositions containing &40 atl carben.

{4) Microstructural Development
The six Ta~Hf-C compositions investigated covered

the snaded region shown by tha isotharms' temperature section io Pigure il of

the ternary phase diagram. At this temperaturs, 1830°C, the coepositica {¢ {n

Page 29
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Compositional
Jone Investigated
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111, A, Tesk l--Development of Microcoupreite (cont.)

the two-phase (tantalum-hafnium monocarbide § + tantalum-hafnium metal, B)
region. At aigher temperatures, this ccwposition range is in the monocarbide
phase, 6, vegion as shown by the temperature section at 2000°C, Y/ gure 12,

P o}

The development o’ che desired microstructure for
the microcomposite requited complete solution of the (Ta, Hf) monocarbide at

the hot-preseing temperature and subsequent precipitation of the Ta-Bf metal

phase within the carbide grains upon cooling.

(a) Composition: 12Ta-50Hf-37C

SRR ] add

1 High Oxygen Cornitent Material

FITIPREEN. SERES

In the preparation of the initial series 5
of tot-pressed 13Ta-50Hf-37C specimens, high oxygen content, 2200 ppm, in the -

hafnlvi carbide inhibited solution and precipitetion of the tantalum-hafnium 3
metal alloy within the monocarbide grains, The oxygen atoms occupy the face-

a..,;

centered positious in the cubic carbide lattice and thus prevent the diffusion

of the metal atums into these sites,

)

4
\

Figures 13, 14, 15 and 16 are photomicre-

graphs of specimens made with starting material containing high oxygen. The

£
Yo

hot-pressing temperatures were successively increased from 2000 to 2800°C.

Complete solution of the netal phase was nearly complete with a hot-press

&m";

temperature of 2800°C for 15 minutes (Figure 15), but the high oxygen level of
the HYC retarded diffusion of the metal alloy iato the carbide la.cice,

o
| S

To ackieve solution of the metal starting

materizl in the -~arbide and subsequent precipitation nf the metal alloy phase

&‘;;

within the carbide grains, specimens hot-pressed at 2800°C for 30 minutes were

4
e’
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—— ATCMIC % HAFNIUM ———
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Compositional
Zone Investigated

Figure 12. Temperature Section at 2000°C
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Black Pool Areas
Metal Alloy Phase

750X

GEeAR o s 7 -
a. Hot~Pressed at 3000 psi , 15 min ,
2000°C

Black Pool Arsas
Metal Alloy Phnase

750K

b. Hot-Pressed at 3000 psi, 15 min,
2200°C

#igure 13. Photomicrographs of Composition 13Ta-S0Kf-37C
with Starting Material Metal Ratics 20Ta/B0Hf
(High Oxygon in HEC)
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8. Hot-Pressed at 3000 psi, 15 min,
2500°C

b. Hot-Pressed at 3000 psi, 15 min,
2700°C

Pigure 14, Photomicrographs of Compesition 13Ta-30Hf-37C with
Starting Material Metel Ratios 20Ta/80Hf (High
Oxygen in HEC)
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Report AFRPL-TR-68-143

Figure 15,

Photomicrograph of Composition 13Ta-50Hf-37C with
Starting Material Metal Ratio 20Ta/80Hf (High Oxygen
in HfC) Hot-Pressed for 15 min, 3000 ps. at 2800°C
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Light Areas
Metal Diftusion
Zene

Dark Areas
(™, Bf) Monocarbide

1508

Pigure 16. Photomicrograph of Commosition 13Ta-30Hf-37C Material
Motal Ratio 20Ta/80Hf Hot-Presssd at 2800°C, 30 min
and 3000 psi (High Oxygen in Hf{)
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I1I, A, Task l—Development of Microcomposite (cont.)

heat treated at 1800°C in vacuum (1 x 10‘5

and probably deoxidation occurred and a metal alloy was present in fine inter-

torr) for 64 hr. Homogenization

gronular precipitations as shown in Figure 17,
2 Desired Oxygen Content Material

Low oxygen content, 268 ppm, hafnium
carbide prepared by high vacuum degassing was used in subsequent atudies. The
microstructures of the 13Ta~-50Hf~37C composition hot-pressed for 15 minutes,
3000 psi, and 2500, 2700, and 2800°C sre shown in Figures 18a, 18b, and 18¢,
respectively. Some primary metal alloy remained at the grain boundaries (dark
pocl regions in photomicrographs) but & pronounced needle-ghaped precipitation

occurred within the carbide grains.

Heat treatment at 1600°C for 18 hr, in a
vacuum of 10_5 torr, resulted in agglomeration of the metal alloy precipitate
as shown in Figures 19a and 19b.

The effect of longer duration (30 minutes)
at hot-press temperature on equilibration of the two-phase structure, i.e.,
complete absorption and precipitation of the metal alloy phase within the
carbide grains, is shown in Figures 20a, 20b, and 20c. There was no evidence
of more complete primary metal alloy solution but there was greater grain

growth and segregation, parcticularly at 2700 and 2800°C.

Tte effect of hot-pressing time (S, 10,
and 20 minutes) for the 13Ta-S50Hf-37C composition hot-pressed at 3000 psi and
2700°C is shown in Figures 2la, 21b, and Zlc, respectively. The Cesired
uniform distribution of needle-shaped metal alloy precipitate was cbtained in
5 and 10 minutes, as well as 15 minutes (Figure 18b) while in 20 minutes and
longer (Figure 20b) the metal alloy phase tends to agglomerate,

Page 39
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Figure 17.

Photow

Mgtal
and 3" ¢ B

Vacu

e ———— i

750X

» - f Composition 13Ta~50Hf~-37{ Material
“ v 30Hf Hot-Pressed at 2800°C, 30 min
.+t Treatment at 1800°C, 64 hr in
" er)
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Report AFRPL~TR-68-143

a. Hot-Pressed at 250C°C {Primarv Metal-Black Pocls) 750X

L

&, Hot-Pressed n:

Figure 18, Thotomicrograph of (omp

a- . Hf-37( Hot-Pressed
for 15 min, )

{
. - - L D oraAs b
psi, At o0, Lot and SBOCTC
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3. Bot-Prossed Priwr to Hest-~Tresatmeut at 3,000 pei,
15 mtn, 2500*C

s - YO AN . a5 W e BT T LA G

s S i gl o0y TS b

it i A A E

EhfySindiatbolt o PO (Yol

b. Eiot‘:?niud Pricr t< Hsa

t-Treataent & 31,000 psi,

y SR )
35 mip, ¢RC

Figure 19. Photomicrograph of Comprsition 13Ta-Sudf-30¢

at 1600%C, I8 ny in Vacous (1072 Torr)
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a. Hob-Pressed for 5 min 750X

T Hot-Pressed for 20 amin 730X iie?

Fiqura 2). Photomicrograph of Cowposition 13Ta-504f-37C Hot-Dressed E -
tor 5, 10, and 20 min, 3000 psi, st 2700°C
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111, A, Task l--Development of Microcomposite (cont.)

The effects of controlled cooling rates
and cycles cn microstructural development were evaluated in the gseries of tests
listed 1n Table VI, The fine needle-shaped metal alloy precipitation previous.y
obtained in samples quenched from the not-pressing temperature (approximately
500°C/minute) was not obtained at slower cooling rates., The metal alloy phase
was consolidated into toth spherical and large~needle configurations. Typical
microstructures for the various slow cooling cycles are shown in Figures "2

through 25,

(b) Composition: 18BTa-45Hf-37C

The microstructural development of the
18Ta~-45Hf-37C composition was found to be similar to that determined for
13Ta-50Hf-37C, with few exceptions, The microstructures of samples hot-pressed
at 2500, 2700, and 2800°C for 15 minutes are shown in Figures 26a, 26b, and 26c,
respectively, Needle-shaped metal alloy precipitetion was obtained after each
processing temperature; however, more primary metal alloy was retained around

the carbide grain after processing at 2800°C,

Reducing the hot-pressed time at 2700°C to
5 and 10 minutes resulted in establishing that the 5-minute durstion did not
4llow complete diffusion of the starting metal into the monccarbide grewns as
shown in Pigure 27a. The l0-m{nute hot-pressing duration produced a finely
dispersed needle precipitate (Figure 27b), but not as predominant as for the

15-minute duration shown in Figure 26b.

(c) Composition: 8Ta-55Hf-37C

After the extensive evaluation of the other
37 atl carbon compositions, the desired needle-ahaped matal alloy precipitate
for th: HTa-535Hf-37C composition was readily produced by hot-pressi: at
2700°C, 3000 psi, for !5 minutes, and is shown in Figure 28,

Page 45
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TABLE VI

HOT PRZSSING/COJLING RATE STUDY

Hot Pressure

Parapeters
Prassure: 3000 psi Cooling Cycle
Tenp, Time, Cooling Rate, Heat Treat Time,
Composition *C min °C/min Texperature, °C min
13Ta-50H£-~37C 2000 5 100 1800 Quench
2200 5 100 1800 Quench
2400 5 100 180C 10
15 100 1800 10
2500 2 100 1800 Quench
10 100 500 10
2700 10 100 R.T. Quench
10 100 1500 Quench
10 50 1500 10
10 50 1500 20
10 50 1800 1¢
18Ta-45HE~37C 2500 10 50 1500 Quench
2700 10 100 1500 Quench ;
8Ta-558£-37C 2500 5 50 1500 Quench
10 50 1500 Quench
2700 10 100 1506 Quench
i 10 50 1500 Gueuch
1
j
;
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750X

Figure 22, Photomicrograpt. of Composition 13Ta-S50Hf-37C
; : Hot-Pressed for 10 min, 3000 psi, at 2700°C, and
Slow-Cooled at 100°C/min to 1800°C

750X

Figure 23. Photomicrograph of Composition 13Ta-50HE-37C Hot-Pressed
for 1C min, 3000 ps{. at 270G°C, ani Slouw-Cooled at
) 100°C/min to 1500°C
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=
750X
1 ' Figure 24. Photomicrograph of Composition 13Ta-50Hf-37C Hot~-Pressed
S for 10 min, 3000 psi, at 2700°C and Slow-Cooled at i
100°C/min to 1500°C and Held for 20 min |
o
= -
i ]
I |
R 1 !
S
b
: i
S 750X ?
g b, .. AN
g Mgure 25. Photomicrograph of Composition 13Ta-50Hf-37C Hot-Pressed
R for 10 min, 3090 psi, at 2700“C, and Slow-Cooled at §
S 100°C/min to 1800°C and Held for 10 min
N
o Page L8
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Figure 26.
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a. Hot-Presasd ot 2500°C 750X

b. Hot-Pressed st 2700°C 750X

¢. Hot-Pressed at 2800°C 750X

Photomicrographs of Compusition 18Ta-45HE-3.C Hot-Pressged
for 1% min, 3000 psi, at 2500°C, 2700°, and 2800°C

Page =~
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Hot-Pressed for 5 min (White Region - Monocarbide) 750X

Hot-Pressed for 10 min 750X

!. Photomic.ographs of Composition 18Ta-45Hf-37C Hot~Pressed
for 5 and 10 mia, 3000 pel, at 2790°C
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I11, A, Task l—Develorment of Microcomposite (cont.)

3. Material Properties Charactarization

a.

Preparaticn of Test Specimens

I ————— e

Loc e

The hot-pressing of spec.mens was conducted in graphite
dies that were heated in the rapid heaiing hot-press previcusly described. The
crrapgement of the die and ras in the hot-preas 1s shown echemstically 1n

Pgure 29. Figure 30 shows the 1ndivid§&1 grapuite components prior to assembly
in the hoi-prese.

The technique used to load the powdered compositions into
the die prior to hot-pressing was found to be very impertant to consistently

produce crack-free specimens. A slight amount of the metal alloy phase could

exude fram the structure, {nfiltrate, and bond to the surrounding graphite die

and rem, On cooldown, the specimen would crach in the die because of differen-
tial comtrasction betwsen the graphite and th: carbide specimen. This problem

, was eliminated by using a this layer of lampblack on the floor of the die,

compacting 1¢, «oen filliyg the cavity with the selected composition.

arother compaction, a thin layer cf lsspblack was added,

illustrated in Pigure 29.

Afcer
This concs:pt 18

The use of the lampblack serves to absorb the major
portion of the excess metal end the powdery structure does not bond to the

e e —TTR TR Ty i T e

specimen. By the use of this technigue, two flexure specimens could be hot-

pressed in tue same die by uaing a layer of lampblack between the composition
that 15 being hot~pressed,

Bot~rrejsing of all specimens wax cccducted ar 2560°C,

G000 psi. for 10 minucss in a flowing argon atmosphere. After cowpletion of

the hot-preass cycia, the grophite d{2 was alliowed to cool to amble-t tempers-

ture in a floving srgon stmosphere. The (1 ture specimens vere removed from

the graphite die by parti.lly sactioning the (ie and breaking {t open 28 & oowm
is Figure 31

Fage 32

PRV .
Vo b g sminns R dtias b

B o e Ao

A N

'
T e

-’
VRO RPT T N
epe 2 . phda s . ke Ll




Black Bedy Hole

Composition
to be Hot-Pres

Figure 29.
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iraphite Ram

//‘ Graphite Upper Holder
{

/

7

e

~—

—
sed

//'/

"/
Z

1
~
NN

’ l
Lampblack

d . .
; Flexure Specimer Dic

—— Graphite Heater

— /—
/’/ -
/‘
/‘/'

Graphite Lower Holder

Schemati
Flexure

c of Die and Ram Avrangement for Hot-Pressing
Specimens
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11, A, Tsak l~-Devalopasnt ol Xli.zccomposita (cont.)

Mgure 32 showe & typicel flexure spacimen blank es

bot-pressed and tha finished flexure specimen efrer diemond grinding. The { )
size of the specimen after hot-pressing vas approxisatel; 0,37 in. wide by -
0.30 in. daep by 2.0 2n. long. The specimats werc diumond ground until zil -
visual eurface contaminations or defects had haen aliminated. t )
Machiniag of the specimens was accomplished by using a { )

Thompson surfece gricde: with g 10~in.~dig, 100-grit diaemond wheel, Table
spesds of 40 to 50 ft/minute were uead, Removal rates of 0.0005 to 0.001 in./pass i
were waintained with light tinishing paeses of 0.0001 to 0.0C05 fa. to obtain a ’
fiaish of 8 tc 16 res.® Bach specimen ver examined woder 20X magnificstion for
visidle flevs and chips. The specimens were then hand polished on & diamond ~
setallogeaphic wheel to alightly round the four corners aloag the lamgth to

sliminats any ncursprasentative cornsr flaws. The finished dirensions of the
specimens wers spproximately 0.25 {n. wida dy 0.25 in, deep by 1.75 to 2.0 in.
long. All surfaces alsng the lsmgth waze maincained pazallel w!thin 0.001 in.

!

La" f\w

b. Ambient Temperaturs Screening Tastsgtt

C OO0

Seven compositions, 18Ta-ASE£-37C, 1iTa-508f-37C,
$e-55RE-37C, 13Ta-47UL-40C, 10Ta-30RE-4020, STu-554£-A0C, and 13Ta-44HE-43C,
were tasted st abisnt tampezatuze to dstermine the affect of compositiom on .
the strength, modulus of slasticity, anJ densaty. ij

-
{J

“#Root-asmm-oquare sverage of surface roughness (micreinches).

) dscucoics of the Twet PruCeLures used throughout tha program for deter-
mining pertimsut thermal, chemical, phynicel, and structural propeities ie ‘::)

presented in the Appendix. )

O
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Flgure 32. Flexura Specimen as Hot-Pressed and Final Kachined

Page 57

e

L pee A

2 e

P sngoasemsten -




Report AFRPL-TR-68-141
LI, A, Task . —Davelopment of Microcowposité (comt.)
(1) Ylexure Strength

Flexure strength messurements vers made vsing three-
poist loading with s 1.5-in. spsn. The crosshead travel rate vas 0.02 in./minute.

" The results of each test are reportad in Table VII. The arithmetic average and

standard deviation are showm; however, s comparison of average strength values
for the different cospositions can dbe mislsading. In each series of tests for
8 givea compoeition, thare wers both high~strength and low-strength specimens.
Therefore, theze was no significant indication that strength differences existad
at ssbient temperature betwesn the series of compesitions.

A sigrificent increase in ambient temperature
strengt: of :he microcompceits compositions vas obtained in comparison to the
typical reportsd valuee for the morocarbides of tantalum and hafnium
(Raferencs 3).

o The room temperature strength valuas for a given
composition ware not found to correlate vith the variations in apparenti
demaity linted im Table VII. However, the variation in density wes small and
tho density was alvays greater than 35X of thesretical.

Within a given cosnosition, large differences in
streugth could be corrulatad in wost ceses with the appearsuce of the fracture
surfaces. Specimans with high strengths (40 to 66,090 pei) had irregular
fracture surfaces indicative of s bigher degres of toughoess than .hose
specinens with low strensgth (20,000 pei) which hed typical “rittle fracture
surfaces .

Figure 313 shows s photographic comparison of the

- twe types of fractures curfaces on specinens uwade from the 13Ts-508f-37C
 cocposities. The drittle fracture surfsce corresponds to & specimen with

Page 38
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TABLE VII

AMBIENT TEMPERATURE

PHYSICAL PROPERTIES OF SIX MICROCOMPOSITE
COMPOSITIONS

Composition: BTa-35Hf~37C

Ao} o0

Flexure Standard Modulus of
Specimen Strength, Deviation, Den.isy. Ellzti:ity.
Number psi psi pu/cm 10© psi
212 53,400 12.7 38.7
213 59,5C0 - 12,7 39.4
214 20,700 12.7 37.0
218 33,600 . 12,5 37.3
225 55,8600 12,6 39.7
226 57,000 a 12.6 41.1
308 43,200 | 12.6 Av: 38.8
310 66,300 12.6
311 63,000 . _
Av: 50,300 15,C00 Av: 12 &
Relative
Standard : ,
Deviation: 2%.7X
Pige 59
-
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TABLE VII (comt.)

Im Composition: 13Tu~-30UL-3/¢

Specinmn

Tlenure
ftrength,

Standazd
Devistion,

Saber, i _pel

199
207
224
r{: 3
as2

BEEE

57

18,700
18,300
50,500
69,900
31,300
30,500
35,600
9,100
41,600
41,800
avt 37,300

13,100

Relative
Standaxd
Deviation!

111. Compoeitics: 18Te-ASRL-}IC

209
243
m
i ) O
m

20,000
23,000
41,100
9,200

$1,300
Av: 44,200

23,500

Eslative
#tandsrd

Rsport AFRPL-TR~68-143

Av:

Density,

po/end
12.8
12.8
12.8
12.8
12.8
12,7
12,8
12.8
12.8

2.8
12.8

40.33

&3

13.1
13.2
12.7
12.6

R
11.9

Deviation: $33.1%

Page 80

Modulus of
ZTlasticity,

106 pei

Avi

Av1

1.7
41.5
41.6
41.4
41,2
39.5
41.8
51.1
41.4
41.0
41.2

A

42.1

Qa0
At
42.8
42,1

3
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IV, Couposition:

Specimen
Nusber
222
223
267
268
361
362
Av:

v. Composition:

242
269
274
383
384

Av:

Report AFRPL-TR-68-143

TABLE VII (cont.)

10Te-50H£~-40C

Flexure Standard
Strength, Devistion,
psi psi
18,500
53,800
14,400
24,700
12,300
49,800
29,000 18,200
Relative
Standard
Deviation:
13Te-4THE-40C
55,900
14,100
27,400
57,200
17,000
34,300 20,100
Relative
Standard
Devistion:
Pags 61

Modulus of
Density, Blagticity,
m/cad 10° pei
12.6 45.7
12.7 44.8
12.5 44.0
12.5 40.0
12.5 47.4
12.2 42.1
Av: 12.5 Av: 44.C
62.72
12.0 40.5
12.3 42.2
12.4 43.4
12.8 §5.%
12.8 45.5
Av: 12.% Av:  43.4
60.83
.Q
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TABLE V11 (cont.)

Couposition: 18Ta~428f-40C

Flexurs Standard Modulus of
Specisem Strength, Deviation, Denaity, Elesticity,
Number pei psi ga/cn’ 106 pei
247 60,000 12.7 43,7
249 54,100 12.8 44,5
251 30,700 12.7 35.2
365 71,000 13.0 46.6
366 57,200 13.0 6.4
Av: 55,000 14,000 Av: 12.8 Av: 43.2
Relative
Standaxd
Devistion: 27.1%
VII. Composition: 13Te-4AHE-43C
e 231 21,200 - 12.7 50.1
]
Page 62
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SO0X 200X
Microsiructure showing less Microstructure showing large
free metal in grain boundaries ‘ pamber of pools of free metal

85 &
Brittie type fracture surface Frarture surface exhibiting
Flex Streag'h: 18,30 pst toughness

Flex Strength: 69,900 oef

Figure 13. Macro and Microsiru -ural Comparisoc of Flexural Specinens
Exniditirg digh and .. Strengtha—Compositicas [3Ta S0HE-37C
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II1, A, Tesk l—Developmeat of Microcomposite (comt.)

18,300 psi flexure strength, while a graster degree of toughness was exhibited
by the sample with a 69,900 pei strength. An examination of the corresponding
w! rostructures for eath of these two speciosns (Pigure 33) shows slightly

a2 gerais bowndary metal prerent in the structure with higher strength and s
grestay degres of toughuess. Nowever, it is more likely that the ctrength
differance ves due to other factors as 1t alsc cccurred in the specimens c-n-
toinding 40 atl carboa whers littls or 0o grain boundsry metal phase vas present.
The conpositions countsiming 40 atX carbom d1d, however, coutain a finely
éiepersed weisl phase cosparsd to the hewvier ismellsr smd grain boundary metal
phave exdibited by compositioms crautaiuning 37 atX carbon.

{1) Modulus of RElasticicy

Sonic modules of el.-ucity Beasurements vers made
nmnmopmm:cﬂammtm The sonic modulus dats are
preseatad 1n Tabls Vil. The elastic codulms for those samples contatning
37 atX catbon éscresssd vith {acressing hafeium content. Specimens containing
37 82X cavbon had lower elastic sodulus tham thove with 40 atl carbou and
43 atX carvon. '

The modulus of elmsticizy of 8 two-phase conposite
sazrrial hee beem related to the proportiam of each comsticusnt in the
strecture. lsveastigstors have raported the following elastic wcduld for
comstitusnts ‘n the Ta-f-C tertary coxpositions:

Nodulus of Klaaticity

Songricwent (108 pe1) Recsrence
o p 1 )
s 27 6
ue | & to 61 .
he 4 $3 0 76 4
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111, A, Task l-~Development of Microcomposite (cont.)

The lewer elastic modulus for specimens with 37 atZ
carbon, 39 to 42 x 106 psi, 1iu compurison to the higher values measured for
saterials containing 427 at carbon, 43 to &4 x 106 pei, was due to the ;regter
proportion of lower modulus tantalum-hafnium alloy present it t-e J7 at) carbon
material. The decrease 1in modulus of clasticity values for =materlals witk
higher hafnium con:ects was protably due to the lower moduius of elaaticity of

the hafniun metal.

No correiction with modulus s fou.. with in veasing
hafaium coeteat for the three cowmpasitions containing 40 atX carbon. 1hi. - s
probably lue ro the small smount of metal precip’tation existing in the micro-
structures of these compositions,

c. Selection of Microcomposite Compositions fox
Elevsted Tempersture Teating

Twc microcomposite composirtions were selected for
elevated Tewperature testing based on the results of the ambient tamperature
tests. The £i{rst was the 8Ta-55Hf-37C composition. It had the lowest modulus
which {s desiradle for thermal ghock resistance. In addition, whijle the
strengths of all eix microcomposite cowpositions were comparsble, this mscerial
had the least wariadbility fc strength.

The 37 st carbon « mposition lies on the lower bou“-~ry

cf the momocarbide, 4, phase and melting occurs &t 2120°C v!th lower car

content a8 shown by the axistence of liquid, L, in the 2130°C cemperature

secim in Pigure 34. s 2 presult, this composition has to he cloeely com-

trolled to prevent retention cf excess metal slloy shase at the grain boundarias.

4 second composition, 8Te-54E{-MC, wee selected to decrerse the primsry metal
and ensure ipversion to the mouocarbide o heating and thus 2 higher temperature

capadility.

Paze 63
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111, A, Task l--Develooment of Microcomposite (cont.)

A pheae equilibria study was conducted on both selected
compositions to verify that the metal alioy phase would invert to the mono-
carbide, The Pirani melting point furnace described in the Appendix was used
to equilibrate samples at & temperature above the metal alloy rich eutectic
melting temperature of 2120°C, Metsllographic examination of the 8Ta-55Hf-37C
sample showed that a small amount of melt phase had formed as well as inversion
of the major portion to the monocarbidc. The compoaition 8Te-54Hf-38C was
similarly trested and metallegraphic examination confirmed that complete inver-

sion to the wonocarbide had ~ccurred.
(1) Composition 8Ta-35Hf-37C

The streagth and density of each specimen are
veported in Teble VIII. 4 plot of temperature vs strength is shown in
Figure 35. At 540°C, the variation in strength from specimen to specimen was
significantly less than st ambiaut temperature probably as a result of a
decreased tendzncy for faiiure te initiate at surface flaws. Because of tha
low variation, the 540°C asversge was higher than at smbienr., At 11060°C, where
maxigum . trength was observed, 2n aversge strength of 135,500 psi was obtained.
This strength level was more than three times the velues reported for tantalum
and hefpium monocarbides, as showr in Pigure 36 (Reference 4), It is postulated
that the strergth iwprovement at 1100°C occcurred Lecavse of plastic deformation
through the initiation of creep of the matal alley phese which enables the
matericl to zelieve critical fajlure stresses. Ewen though inciplent cracking
may begim in the matrix, the pisstic deformation of the wetal Lshibita crack

propagation,

At highet temperatures, 165C and 1200°, the strength
decrmased, which is charecteristic of the carbides. limited flexure teeting
waz conducted st 2270°C because of the occurrenca of high plastic deformation.

Page 67
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TABLE ViII

ELEVATED TEMPERATURE
FLEXURE STRENGTH OF MICAOCOMPGSITE COMPOSITION

Relative Standara

Devistion:

1. Deterninec on spacimens after testing.

Page 68

9.7%

8Ta-55Hf-37C
Flexure Standard
‘Tewpersturs, Specimen Strength, Deviation, Density,
R ¥umbe; pei pei m/eud

Alsient 212 53,400 12.7
213 59,500 12.7
214 20,700 12.8
218 33,600 12.6
225 55,600 12.7
226 © 57,000 12.7
8 43,200 12.6
310 66,300 12.6
311 63,000 12,6

Av: 50,300 15,000

Relative Standard
Deviaticn: 29.7%

540 369 57.800 12.6
306 49,300 12,7
307 31,500 12.6
31 56,400 11.6
317 52,500 12.7
320 53,300 12.6
429 62,300 12.7
430 60,400 2.8
431 62,800 12.8
432 65,500 12.7

Av: 57,000 $,510

s’
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TABLE VIII (cont.)
?laxure Staadard 1
Temperature, Specimen Strength, Deviation, Density,
‘C Numbey psi psi g/ cm
1100 298 193,500 12.5
299 164,200 12.6
301 155,400 12.6
308 117,000 12.6
312 114,400 12.4
427 153,700 12.7
428 112,000 12.8
434 74,300 12.8
Av: 135,600 33,700 .
Reletive Standard S
Deviation: 28%
1650 302 19,800 12.5
303 40,900 12.6
304 32,900 12.6
309 32,700 11.6 ;
331 13,200 - !
408 46,500 12.7 :
409 54,700 12.8 i
410 56,700 12.5
Av: 37,400 15,500 3
Nelative S:andard !
Daviation: 41X 1
2200 323 1,380 12.3 i
433 593 12.6
436 1,190 12.5 :
Av: 1,120 497 3
Relstive Standard
Devislion: 44% £
i
g R
Pags 69 é
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4 1 L

Onmnn) §T0-SSHL-37C

130 | ==a Ora-Siir-38¢ 4

1! wenas Jpecimen did not
: fractuse

Pexare Streagth, 103 pst

Tempsreturs (°C)

‘Figure 35. Comparative Rlovated Tempetsture Flexursl Strengths of
' Worocowposite—Conpositions STe-558f-37C and #Ta-54HE-38C
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Flexure Strength (103 pei)
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Figure 36. Comparative Elevated Temperature Flaxural Streagth of

Tallf-C Microcomposite Compositions with Other High

Kelting Polnt "arbides
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111, A, Zssk l--Developmsot of Microcompoeite (comt.)

Strangthe obtained on specimens in the plastic state are of a "relative value”
since the flarural strength beam formula is not valid after bending has occurred.

A typical ambient tempersture microstructurs of a
hot-pressed specimen produced from the 8Ta-SSHf-37C cosposition {s charac-

. tagised by grain boundary mstal with a fins, aciculsr metal alloy precipitate
vithin the carbide grainu, as shown in Pigure 37. The specimens, after testing
at 540 end 1100°C, hed & microstructure chsracterised by heavy precipitation of

‘matal vithin the graios. Microstructures of spacimsns exhibiting a large
percmtage of grains having additional precipitation as compared to the room
Wﬁtm structurs had high stvengths. Figure 38 shows a typical micro-
structure of & sampls tasted at 540°C where all flexural strengths were approxi-

sstely 30,000 psi. Note that nearly every grain has the additiomsl precipitation.

Figure 39 showc s grain in wvhich additicasl precipi-
taticn Res occurred. It may da seen that very lictle of the precipitate has a
roumded shape and that most of the precipitate was of fiae size and had a
asedle or plate shaps. The gross propsrties asscciated with this extrs precipi-
tation are high strength, nil ductility, and isotropic proverties. This
strecture was wot found in any sampls tested sbowe 1100°C, nor was it found at

TOGK teaperature.

Ona other structure that haed a veiy high strengith
i ohaetwel is a sampls teoted 62 1100°C. Thie sfructure vas very fine
grained, vith ot evidance of pricr carbide grains having dar obliterated
by prwdpiistion of fine wetal particlee within the cerbide (Figurs 40). The
smmber snd sise of the metal pocls remaining wee still sdbout 2ha seme & in
ths hot-pressed structure.
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X100

Metal remains at the grain boundaries, tu: most of it
has f~rmed fine precipizates wirhin +he oraine

Figure 37. Typicsl Microstructures of Compositi~n 8Ta-55Hf-37C

&t Ambient Temperatures

Page T:

.

s

JRErI

PR

- AL AP Y. . s - S ot~ - t.—.,....“

I




Report AFRPL-TR-68-143

I Ihe precipitstion in this sample is similar to that io 100
],f"‘ _ ‘Pigure 42, except that irn this ssaple precipitation

securted in every grain. If grains axist which lack such
precipitation, sechanicsl properties are impaired.

Hgure 28, Microstroctare of Compoeftion BTe-S5RE-37C Rxhibicing
a High Flesxure Streagth at $40°C
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X500

Y
e+ shaped.

Figure 39, Sirngle Grain of Curbide of the Composition 3Ta-55H-37C
Shewing Fine Precipitation
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Pigure 8. BEvidence of Frior Carbide Cralns Reerly Chlitersted
" by & 7ioe Precipitate of Fets! .
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I11, A, Task l—Duvelopment of Microcomposite (coat.)

Flaxure testing at elsvatad temperaturass caused
the mic: setructures of the spec’asn to changs. At the highest temperatures
of testing, 1650 and 2200°C, where marked plesstic deformatior occurred and
the asximm stress before deformation occurs is loe, the changes ir micro-
structurss were very noticeabls. As tesperature was incressed from room
temperature, very little metal dissolves until 1£57°C. Then, betwsen this
temperaturs and 2000°C, all the metal would dissolve if equilibriim were
attained.

After testing at 1650 and 2200°C, the grain doundary
metsl vas essentially unchanged, hut the precipitate within the grains had
become Lesvier as shown in Figure él. Specimens tested at 1650°C ia which
precipitaticn was lacking fn & number of the grains resulted in lower flexure
strengths. This type microstructure is shown in Figure 42. A ssmple which
undarvant hesvy plastic daformation sc 1650°C, but did not fracture, was
sectioned at both the centar vhere the deformation had occurred and st cne
end, vhere almost no plastic deformstion had occurred. No difference was
digscarnible in the two microstructures as they were both 2imilar to the micro-
structure showm in Figuce 43,

The large plastic deformatiocn of flexurs specizens
tested at 1650°C suggested that creep might be occurring. Accordiagly, &
flexure specimn was tested at 1650°C in siow loading (crusshesd rate at .

0.02 cm/minute). The results &re plotted In Pigure 4% It appesars that the
relazation wag sxp.ooential with time., After testing, the speciwen was hadly
cracked as showm ia Figure 43 and all of tne cracks had ponattated spproximstely
the same disCence into the sample snd terwinated nzar the coutral axis.
Catastroohic fallures did mot vccur st crosshead spezds of J.01 ca/minute asd
0.001 om/ninute, end the stress on the sample decressed nerrly expoaeatially
vith time (Piguvre 4;. As shown {a Pigurs &7, a test rim at 1650°C ahowed

Page 77
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Mgurz s, The retal pocls cre spherodizing, and the precipitate in .
the grsins have heccmw heaviar after tasting at 1650°C. O

O

¥igure b. Soaked at 1630°C for 15 minutas and then tested. { )
All the pracipitatas have ripeved conmidesrebly
comparad to the amwisant tewperature uicrostructurs.
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j
Dark areas are very heavy precipitation. The X100
metal pocls on the grain boundaries are
depleted but have not begun to spheroidize.
ik
1

FPigure 42. Microstructure of Compusition 8Ya-35H{-37C Exhibiting
Low Flexure Strength at 1650°C
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The metal pools at the grain dboundaries are still present
ond the metal precipitete is spharoidising. Bach carbide
has bewn broken into subgralns. This picture is like
37, but the sample was etched more heavily hare.

it

: ?W 43, tﬂé,tutm-mrg of Composition 87a-358£-37C After
s Teating &t 1850°C
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- 20 » -
. H- O Losded at . 002 em/min
Cr.sshead Speed

_ : @ 5Same, but after Further
o teni
10 L : Straining .

O Loaded at .002 cn/min, but
Previous Crosshead Speed
bsd been . 005 con/min.

o‘ _- ) | i
L Ve 1 1 Y2 2

Timme {Minutes)

ﬁwv 47. Stress Belax:tion Curves for Flexure Sasple Loaded
- at Cosstemt Crosshead Speed at NSO'CWR&«;
STe-3521-31C

e 0

OO0OO0OO0O0O0DTCOOO OO0

.

e M)

NoNe

o




Raport AFRPL-TR~66-143

1II, A, Task l--Development of Microcomposite (comt.)

that losd increased as the crosshea! advanced in two cases but decreased when
the stress vas at a slightly higher level (previous crosshead speed had deen
0.005 ca/minute). At 1300 and 1200°C, the stress still relaxed exponentially
with time as shown iz Figures 48 and 49, respectiwely.

It was evident that, at elevated tesperatures, the
matarial di. .ot exhihit brittle behavior becsuse the crack: (Pigure 43) did
Dot propagate sll the way through the samplea. It was not possible to calculate
creep parameters with the dats becamse the nomhomogorieous deformeticn of the
sanples made it impossidble for load to be conver>sd into stress or strain. A
Newtonian modal, wvhich is the mcdel that discribes a glass heated to zhe
softening point, is not completely spplicable at constant crosshead speeds.
The losd coantinues to increase wvithout reaching a satuzation -alue to accompany
the almost constant strain rate produced by the crossheed. Another intaresting
feature of the results was that the relaxation time, vhich {s the time required
for the etress to fall to 37X of 1ts inttial value, did not behave like 2
thermally activated process of the type vhere stress relaxation {s proportional
to

exp = AHSa.T,tt)

KT
vhich Kebler and Aspinall (Rafarence ?) found to be the stendard aquation for
cresp. At 1850 and 1200°C, the relsxaticn tims vas about 3 wminutes. At
1300°C, two rune bad & relaxation time of 73 minutes, and & third had 2 relaxe-
tion time of 35 minutes. The minimum load necessary to produce creep woe
estimated 2o be 0 at 16507C and 5000 psi at 1100°C. At streeses below this
lsvel, relsration was too slow to be detected with existing equipment. It was
established by these tests that delow 1100°C creep does not occur. Above
i650°C, the strength wis lower then 31,000 psi and at 2200°C, the strength was
spproxinately 1500 pai.
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- 11X, A, Tesk l—Development of X “rocompoeite (cont.)

Becamse deformation before rupture is small at

mo-c. tt is expected that the metal pocls at the grain bounda:ies were
mﬁax the dsformation. Mo difference vas seen in the microstructures

Qfm vhich- m undcrgons large aod smell daformations at 1650°C; therefore,
i way M .mi that the strain vas distributed uniformly throughout the
Mﬂ m fwction of tha weisl precipitats which had not redigsolved may

h m to lowar the stiffoess of the carbide graine so that leas deformation

nt et\\d:u; of tho casbids grains would occur.
t'z) Composition BTa-54Hf-38C

The flewure streagth and density of the 3Te-54Hf-38C

= mlucn ave repsorted in Table IX. A plot of the average strength and the

Muué t&c of attﬁgm for each teat temperature is shown in Figire 35.
ﬂmﬁ tnlti.nc st sabient temperature was not conducted for this composition.
hﬂl&s of uwim tests shoved no signtficant indication that any strength
uzm«- ‘existed ai >whimt tenpersturs between the series of compositions
W }? ﬁﬂ 40 atl carbov, A typical microstructure of this composition
s M in ﬁm 30. The metal alloy existed as precipitations within the

_ ﬁeﬁm& mw with little primary metal evident.

: At 540°C, the sverage strength vas 350,300 psi,
uieb sgualled the svarage streagth of composition 8Ta-5SHf-37C at awbient

B tmtm The nicrostructure of a specimen after testing at 540°C 18 shown
il Figare 51. ‘At 1100°C, no incrsase in strength occurred as was the case for
wuu l!a—Sﬁt\-)?C The average strength of 46,100 psi {ndfcated a

""-:"* ltmlli:ﬁi babavior characteristic of the carbides, vherein the strength vas

@gula. to or alight}; iower then st ambicnt tempersature. Xo differences wers
w % the 13100°C sicrostructure, sawn {a Pigure 52, vhan compared r- the

‘ ; ﬂm:mm for the specimens tested at 540°C,
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Baport AFRPL-TR~68-143

1aBLE IX
ELEVATED TEMPERATURE

FLIXURE STRENGTE NF MICROCOMPOSITE COMPOSITION
8Ta~54RE-38C

Flexure Stundard
Temperaturae, Specimen Strenyth, Deviatior,

. _Mumbe- psi pi
540 417 53,000
418 48,100
419 49,300
420 50,300
50,300 2,120

Relative Stoendard
Devistion: 4.2%

3,780

Relattve Stundard
Deviation: §.21

43,200°

5‘,6002

61,2007

45,800°

ia, /00°
16,8002

s, 100°

1. Dateramined on specimens after testing.
2. Specimens ¢id not fracrure.
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Pigure 30. Typical Microstrusture of Composition BTs-34H{-33C ( ) é
(Ambient Tewperature) £
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100X
Figure 31. Microstructure of Compositicn 8Ta-54Hf-38C

after Testing at 540°C
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*

Pigure 52. Microstructuxe of Composition 8Ta-54H£-38C
after Tssting at 1100°C
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II1, A, Task l-—-Development of Microcosposite (comt.)

At 1650°C, oae ssmple fractured when loaded to
61,200 psi, wvhila the ramaining cesmples wers loadad from 43,200 to 54,600 pst
bators deflectian of ths sample exceeded the deformation ailowed by the three-
point ivad train. The latter teat sauplas experienced "hot tearing” but did
not fracture. Higher crosshead rates, up o 0.:2 in./sec, did not result in
fracture ¢f the specimen. The microstructures of spacimen No. 411, 43,200 pei
strength, and No. 413, 61,200psi strength, are shown in Pigure 53.

At 2200°C, all spacimens tested carried loads of
5100 to 14,700 psi to full doflection without complete fracture. Subsequent
slow cooling resulted in a spharoidized metal precip’tate within the grains.
Figure 54 shows this typical microstructure.

d. Thermsl Expansion Measurements

The linear thermal expansion of the two microcomposite
cospocitions, ETa-5SHf~37C and 8Te-34HL-38C, was mesasured from 25 to 2047°C.
The tezt results are presented in Table X.

Prior to the thermal expansion messurements on the
spacimens, calibracion checks were made using sapphire and wrought tungsten
rods for which expansion dsta have baen accurately established in the litera-
ture, PMgure 35 sbows a plot of the thermsl expansion of the two microcomposite
compositicns and he calibratiom chacks on sspphire an:! tuugaten. A thermal
sxpanaica curve for stoichiometric hafnium carbide has alsc been included for
compsrative purposes. Thase HIC data, a8 reportsd in the literature, were
derived from X-ray diffresction “d" snacings (Referenca 7).

A comparison of the curves in Figure 35 shows tha*® both

ulcrocoaposite compositions follow the expansion behavior of HfC to spproximataly
1600°C, Above 1600°C, the tharmel auxpansion of both cosnposites deviates slightly

Page 93
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b. Specinen Fo. 413, minisum free metsl in grain boundaries,
Flexure streagth 61,200 poi, Specimen fractured.

8. $pecimen Ko. 411, sbundance of metal st the srain boundarics,
" Viazure streamth, 43,200 pai. Specimen dif mot fracture.

- Fgure 53. Microstructural c@axum of Composition 8Ta-34Hf-33C
. Exhidicing Low and Bigh Strength after Testing at 1650°C
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Figure 54.
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1007

Typical Microstructure of Composition 8Ta-54HI-38C
after Flexure Testing at 2200°C
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TANE X

Gomposition: 8Pa-34Bf-36C

Thermel Percent
Expasaion, . Doviation froe
in./is. x 10 Least Squares Fit
5.57 4.43
6.55 2.86
| 7.45 5.15
10.70 11.70
.52 9.40
5 12.8% 5.48
< 17.12 6.82
Thermal Thermal Expansion
i Temparatuve, ~ Expasveion, Teapetaturs Cosfffcient,
_ R S, in.fia. x 3073 in./4n./°C x 106
3 s 2.53 5.87
1000 6.55 6.35
: 1500 10.73 - 7.15
2000 15.43 1.72
2530 20.72 8.28
3000 6,583 8.84
Peage 96
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TABLE X (con
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t.)

Composition: 8Ta-5SHf-37C

a. Corrected Meaaursd Data

Specimen Thermal
Temparature, Speciwen Expansion,
*C Expansion, in. in./in, x 103
828 0.00912 $.89
935 0.01190 6.38
1182 0.01375 7.37
1139 0.01561 8,37
1466 0.01716 $.20
1626 0.02036 10.92
1741 0.02235 11.98
2040 0.03458 18.54

b. Least-Square-Fit of Data

Thernal
Temperature, Expansion,
‘c in./in. x 10°3
500 2.41
1200 5.91
1300 10.38
2090 15.82
2500 22,24
3000 29.64
Page %7

Percent

Deviation from

6.27
8.60
0.68
5.37
8.43
6.41
7.04
13.70

Thermzl Expansicn

Temperature Coefficient,

in./in./*C

x 10-6

4.83
5.91
6.92
7.91
8.8%
9.88

Least Squares Fit

& Ry
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("'-) III, A, Task l-—-Development of Microcomposite (comt.)
S from the expansion of hafni'm monocarbide. Tha di{fferences in axpsnsion at

( »') the higher temperatures, 2000°C and ower, srs undoubtedly dus to the faversiom
of the Ts-Hf alloy precipitate phase into the Ta-Hf acnccarbide structure.

()
L The thermal expansion of the two compositioms can be
;‘ ) expressed by the following equationm:
O a = &y (1-25) + A, (1-25)°
} where a = linear thermal expansion
! T = temperature, °C
; o Por Composition 8Ta-S4HE-I8C: Por Composition 8Ts-55Bf-37C:
Ay = 5.685 x 107 ta./tn./%C Ay = 4.163 x 107 tn./10./%C
g ) A, = 1.096 x 107 1a./1n./%C A, = 1.949 x 1072 {in0./{n./°C
) e, Thermal Diffusivity

’ ) The results of thermal diffusivity asasurements on :hree
o microcorposite compcsirions, 2Ta-53Hf-37C, 15Te-506f-37C, and 18Ta-ASHF-37C,
are presenied in Table XI. No significant differences exist in the values =t

E } ient temperature. At 540°C, the differences in daia are considared to be
° typical of the scattar found in this determivation. A cowpar.son of these
v ' } data vith the literatiur (Rafersnce 8) shows the data te be alightly lower
' ' than the rsported valus of 0.08 cazluc for tantalum somocarbide and (.04 cxzhcc
) for hafoium carbide,
]
)
“
!
Page 99
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TABLE XI

TEKRMAL DIFFUSIVITY MEASUREMENTS
O MICROCONPOSITE COMPOSITIONS

Temperature,

Conposition,
Ta-Bf-C ¢

35537

8-35-37

13-50-37

1»-50-37

18-45-37

Anbient
Ambiant

Ampient
540

Ambiant
Ambient
340

Page 120

Thermal Diffusivity,
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0.029
0.028
0.033 ‘

0.036 {
0.026

0.027
0.039 .

0.023 Eha
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6.023 -
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0.029
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I1I, A, Task 1—Developmeat of Microcomposite (comt.)

4. Task Summary

The significant results of this work sre sumnarized as follows:

8. A low oxygea comi.nt in the starting malterizls ves found
to be required to cause the desired sclution snd precipitetfon ¢f ‘he tantaiva-
hafnius metsl alioy phuase in the cartide graius.

b, The optimm comiitioms for fabricating tha microcompoe:te
are: hot-pressing temperature, 2500°7: time, 15 miautes; pressure, 3000 pai:
and cooling rate, 500°C/minuze.

c. The smbient and elevated tempersture {lexure stringth of
the microccmposite was significantly higher in cowmparisoa to typical streagths
of tantalum aud hafoium morocarbides.

4. Large diffsrences in flexure strength for a giwen compo-
s{tioc could he corrvlated in mesi casas vith the sppearsncs of the fractured
surfaces of the specimecs.

¢. A significant decrzase =-x -Ztaiped {n the modulus of
elaaticity for the composition BTa-55RI-37C. 7= acinlus wes foumd to decresse
vith {ncreasing hafnium content because cf the lowe~ mdulus of the hafnium.

f. Toha flezurs strength of composition BTe-5si-17C was
found to increase wich temperaturs to 1100°C. This phencemuua is bolieved due
to th. occurrsnce of stress relief through the 1altiation of creep in the
mtal phrase. This strength incrseie was oearly three times the apbient
temperature strength.

Page 101
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v
11T, A, Tk l--Development of Microcomprsite (cont.) (-~\)
¢. Bxcellant crack arresiing charactaristics were exhibited -~
at slevared temparatures because or the large amount .f plastic deformation. ‘ )

h. The thermal expansion charaucteristics closely followed { J
the expsnuion hehavior for hafnium monocardbide up te 1600°C after which some
" érviation occurred.

v

i, The tharmal diffusivity data were slightly lower then { ‘“)

the raported éets for rafnium monocarbide. o
B. TASK 2--BEVELUPMENT OF TANTALUM-CARBIDE-LINED TANTALUM ( A)

CARBSIDE /CARBON HYPEREJTECTIC COMPOSITE

The otjactive of this work was to inwvestigate the major fabrication
varizhles Zor foiaing the hypereutectic composite, to dewelop a fabiication {::)
process suitable for scala-up, characterize mechanical snd thermal properties |
at aabient srd elevated temperatures, and to develop a method for providing a

{
T4C liner oo a hypereutestic substrate. ﬁ\w)
| A ;
L E 1. I opwment of Fabrication Procedures for Hypereutactic %A‘}
. Copi3ite —
;
i {

&, Equipment .

The hypereutectic carp.de composites were formea by a

divect renistence fusion and drop-casting technique. Thz hot-prese and fusion-

. ccering furnace is shown in Figure 56, { )
1 —
f : The furnace chember iz designed tc be operated at 60 psi { ) ;
- of tlowiog heliun during th: hypereutectic drop casting. I'elium enters the - §
k ‘ twe aight ports s2nd flows through carbon sight tubes exiending t- wichin (-) f
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m. B, Tesk 2--Davelopment of Tantalum-Carbide-Lined Tantalum
5§ Midslﬁuban Hypersutectic Compoeite .cont.)

| 0.25 10, of the grephits dia. The use of flowing helium during the furnace
‘sporaticu prevents ths atmosphere within the tube frow becoming cloudy with
catbon vapor, thus ensbling accurate temperature measurements in the black
bady hols within the gtaphits tusim casting mold. The pressurized aystem
_grestly reduces cvblimetion of the graphite and vaporization of the powders
badug meited, thus enabling good compositional control of the starting materials.

Temperature measurements ar~ made through two calib.ated
quarts glass vindows with & Model 95-E4 Pyro-Micro-Optical Pyrometer. Tempera-
ture is controllsd by a powerstat which contrels the input voltage to che
satursble~-core raactor. Figure 57 1s a closa-up view of the control paumel
m the accessory controls., A temperature programmer has been built iato
the eonu'ol cireuit which parmite controlled heating and cooling rates or
cenotant temparaturs arrests to be automatically maintained within the furnsce.
Autometic opacstion of the coatreller is accomplished by a silicon phctodiode
sensor which messuras total radiation from the black body hole. A closed-loop
power control maintaine a conetant set power lsvel to the Jurnace. Yine manual
adjustmants of the satursbla core reactor can also be ac~ompliched with the
programmer.

Fer hot-pressing operations, double actiig hydraulic rams
are opttctsd simultunsously or independently. Losds are transmitted from the
rEn to water-cooled, copper rams which extend thrcugh O-ring seals into the
furnace chamber. Control of the two hydraui’: rams is maintained by separate
prassure gages and needle vaivu.

Power is suppiiad to the furnacs by & 175 kw, 440 v,

single-phase, stepdowa tramsformsr having an output of 8 v snd a delivery
capscity up to 22,000 smp. The cutput of the transformer is controlled by a

ssturable core rsactor. Power is tramsmitted to the furnace by 1000 MCM super
flexible welding cables.

Page 104




Figure %7,
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1R A TR v v o e+ e

Close~up View of the Hot Press and Fusion-Casting
Furnace Control Panel
Page 105
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m. P, Tesk 2—Developmsmt of Tantalum-Carbiis-lLined Tantalus
Ceridde/Cardbon Nypereutectic Compesitu (comt.)

b, Casting Procedure

K The fusion exd drop casting techniqus is performed in
the fellovisg wmanner: '
(1) Teutalum monocarbide powder ia blended with graphite

posder to tha exact composition dosired and hot-pressad to form a denae
cylindricsl cospact in order 2o minimize the oize of the melting crucible,

5 _ (2) The compact is insertsd imto a graphite crucible-
sold-dis which is direct rosistonce heated. A step in the inner dismeter
saparaias the crucible section from the mold cavity and retains the compact
wmtil melting occurs,

(3) The compact is wnifcrmly heated to ¢ temperaturs
balow ths liquidus with the heating rate prograzmed to prevent overshooting of
the desired temperaturs. As the compact is melted, the melt is gravity fad
iato the wold cavity below which it is then cooled at a controlled rate to
produce graphits flakes of the desired shape, size, and distributionm,

R R BT T ST I

(4) After casting, the hyperesutectic ssspls is removed
by splituang the die.

¢. Casting Development
(1) Temperature

he most critical processing paramster is the
tesperatuss of the aslit. The temperature mmt spproach but not exceed the
liquidue tempersture in the hypereutectic region. This region, as shown in

Page 106
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1II, B, Task 2~-Dsvelopment of Tantalum-Carbide-Linsd Tantalum
Carbide/Carbon Hypersutectic Composite (cont.)

the tantalum-carbon phase diagran devaloped by Rudy snd Harmon, Figure 58
(Reference 2), locates the eutectic temperaturve at 3445 + 5°C. The liquidus
tesperaturs is approximate and is depicted by the dotted lines. above the
liquidus teaperaturs, the melt will dissclwe carbon from the graphite crucible,
causing deviation from the required cowposition. At temperatures fur below
the liquidus, undissolved carbon will arpear in the structure. In additiom,
insufficient temperaturs above the eutectic results in improper flow and too
rapid solidification of the melit.

(2) Tims at Temperaturse

The tiwe required to equilibrate the carbide-
graphite compact in the melting region of the graphite casting mold is dependent
upon the temperature gradient that develops along the langth of the graphite
a0ld and the mass of the hypereutectic compact. It is imperative that the rum
be terminated once melting is completed to min.mize reaction of the cast billet
with the graphite wold.

(3) Grarilte Casting Mold Design
Initial scale-up of the fusion casting of the Tal-C
hypereutectic compositiors raquired designing a wmold capsble of melting and
casting biilets 1.5 ir. die by 3.0 in. long. In eatablishing the wold desigm,

the following criterie were esutisfied:

{a) Provide sufficient total rasistancs to achieve
a2d maintain tempersturss from 30 to 3600°C.

(t) Maiantain a unifors tamperslure slong the
length of the mslting cavity to sseure unif.mm selting of the compact.

Page 107
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*c

FPigure 58, Phase Disgram, Tantalue-Carbon

Page 108

o~
——




Report AFRPL-TR-68-143

I1I, B, Task 2——Developmeat of Tantalum-Carbide-Lined Tantalum
Carbide/Carbon Hypersutectic Composite (comt.)

(c) Develop a rapid quench of the melting in the
casting cavity below the melting cavity.

(d) Provide an adequate wall thickness to account
for graphite sublimatiocu and to contain the melt.

(4) Castings 1.5 in. dia br 3.0 in, lomg

The sppearance of a typical as-cast 1.5-in.-dia by
3.0-in.-long billet is shown in Figure 59a. The bottom of the billat,
contained some "~old ashut" extending approximstely 0.5 in. Good temperature
control minimized carbon pickup from the die and no vreduccion in the OD of the
biiiet vas nacessary. The mate-izl on the top of the billet near the melting
cavity increases in carbon content since the welt is hotter and wore favorable
for rescting with the grsphite die. After cropping both ends, billets spproxi-
mately 2.5 in. loug, solid and defect free, as shown by the crogs-ssctional
view in Pigure 59b, were cbtained. A total of 25 blilets of this size were
cast from the following compositious.

TaC, c, c, c,

v/o /o atze wexas
80 20 62.2 3.873
70 30 67.9 6.461
60 40 73.2 9.702
50 50 78.2 13.879

#The balance baing Ta.
n%The balance being TaC.

The matsrial required for the smbient and elevated tesmperature propsrty
characterisations and HES noszie inserts for thermal shock and corrocion tests
vere obtained from these billets. This aize billet can be cast with approxi-
mately 90X probability that a sclid, ussble billet will be attaived.

Page 109
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)

End Near
"'1‘:;3 Eod Cast
Cevi First
8.  As-cant Appsalance, weight 1000 g
Figure 59, -+ ..¢ Billet of TaC-C Hypereutectic Composite
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111, B, Task 2--Development of Tantalun-Carbide-Lined Taatalum
Carbide/Carbon Eypereutectic Compositse (cont.)

(5) Sea”-<Up to 4,2-1in.-dia by 3.0-ia.-long Castings

Scale-up to produce 4.2-in.-dia by 3.0-{u.-long
blllets was accomplished in & graphite mold designed 2o satisfy the same
criteria established for casting the 1.5-in,-dia billets. The mold design
that svolved after tak.ng these criteria into consideration wves found to be
very similar in configuration to the mold design uwmed for casting the 1.5-in.-dis
billats except a center tube was incorpozated 1. the casting cavity to provida
& hollow casting and to winimize ID machining of nczale faserts.

“he first trial casting vas mede vith an 80 v/o
1aC-20 v/o C compact weighing 2500 gm, A 4.2-in,-0D by 2-in.-ID by 1.2-in.-
high billet wvas cast. Evidence of "cu.u shut™ as shuowm ia Pigure 80 was found
aldvay through the thickness of the billet, The welting t:mperature wes
increased anid & succassful cas:!ng vas mede se showa in Pigure §1. Plgure 62
¢hows 8 sectior view raken al tae conter of the billet, The grain structure
i3 small ard soifors throughout the wall thickaess and theve 1s no evidence
of porosity,

Melting of compacts weighing 5000 gm was reguired
to obzain thr wogiie inserts. tThe as-cast sppearance cf a 500C-ga duillet {s
showa o Figure 63. Tulg 4.1-10.~0D by 2.0-in -ID by 2.25-in.-high billex
shivéed nc :vidence of "cold shu'" or oiping and minimal reaction with the
grajhite mold  However, amlt leaned into the {oner cavity of the graphite

center tube during cssxting, lssving £ cevity . the billet.
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b. Close-up Appearsnce of hillet "“as removed” frux mold
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Figure 61.
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Scctional View of Second 4.2-{n.-dia TaC~-C Billet
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II1, B, Tesk 2—~Development cf Tantalum-Carbide~Lined Tantalum
Carbide/Carbon Hypsrsutectic Composite (cont.)

2. Material Properties Characterization for Hypereutectic -
Composites .

a. Plexure Strength }?

Testing was accomplished on 0.25-in. by 0,25-in. by
2,0-in, specimens using three-point loading on a 1.5-in, span. A crosshead
travel rate of 0.02 in./minuts vas used for all tests up to 1100°C. Above
this temperature, a 1ate of 0.2 in./minute was used. Preparation of the
epscimens was the same as previcusly deecribad for the microcomposite composi-
tions., Tests vers made at smbient, 540, 1100, 21650, 2000, and 2200°C.

The test results are reported in Table XII. The compo-
sition is reported as the volume percent (v/o) of graphite flake (the carbon
in excess of the eutectic) for ease in correlation with microstructures. The
sutectic composition is 61 + 0.5 atl carbon Figure 58)., Expressing the
eutectic in v/o TaC (containing ~49.4 at? carbon) and v/o carbon gives an :
81 to 19X mixture, respactively. Figurs 64 is a plot of volume percent of N
carbon and graphite flakse versus stomic percent carbon. The composition of
each ssmple vas calculated from density msssurements. A cerbon analysis at
the fracture surface was also determined on each specimen after testing. These
saalyses of the specimer &t hé ireciure surfsce did not appear representative,
probably because of the small smount of material used which was not representa-
tive of the carbon content 'n the sample. Whaen & larger sample was removed S
froa the speciman, a corrslation was found betwaeen the car’.a content derived '
by snalyeis and calculated from density measurements. Therefore, carbon
compositions vere darived by density seasnremsnts since this is the most
economical sessursmsut.
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TABLE XII

X ) PHYSICAL PROPERTIES OF TaC--C HYPERZUTECTIC
COMPOSTTIONS WITH VARYING CARBON CONTENTS

Graphite Flake Modu.ius of
Temperature, Specimen Content ,* Flexural Strength, Elazticity,** .
“) °C Number v/o psi 100 psi '
) Ambient 447A R 17,650 38.2 S
- 441B 9 14,810 31.5
} 443A 8 14,540 33.0
. 439E 12 6,310 20 0
_ 446C 15 6,090 20.6
\ 446A 15 5,640 24,8
L) 461C 9 5.190 30.9
446B 15 4,610 25.1
“ 438B 15 4,150 17.8
} 438C 18 3,970 13.2
’ 438A 11 3,260 28.0
, 446D 17 2,860 22.8
i 443F 20 2,120 14.3
J 443D 19 1,480 13.5
o 443B 17 820 13,1
) 540 451C 8 27,260
) 4S1E 9 9,400
N 451F 10 20,250 35.2
) 460F 9 2,330 30.3
. 460G 9 6,810
N 1100 437A 9 7,940
t} 437C 9 5,100
.- 452A 9 4,370
460F 9 7.570
Y 4624 11 2,040
¥ 462D 10 14,850 29.4
463G 11 7,170
‘;} 1650 446E 14 14,240 24,7
. 446F 12 26,190
462B 13 12,730
- ) 4621 10 14,020
- 2000 443G 20 4,460 16.7
461A 19 8,450
) 2200 437A 9 16,130
—— 443G 22 4,470
a37e 10 16,140
- 4434 22 8,930
w) 450A 13 14,163
462G 4 33,150

-

*0n the basis of density measurements.
*#A1]1 moduli taken at ambient temperature.
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111, B, Task 2--Development of Tantslum-Cgrbide-Lined Teutalum
Carbide/Carbon Hypereutectic Composite (cont.)

A plot of ambient temperature strength deta versus carboun
coatent iz shown in Pigure 65. Ambient tempeiature specismens containing a low
graphite flake content (8 to 9 v/o C) normally bad high atrengths, from 14,540
to 17,650 psi., The compositiona containing high flake contents (19 to 20 v/o C)
had lov strengths in the range of 1480 to 2120 psi. Widespresd axiizrences io
strength at the same compositions were found which led to evaluation of the
microstructure of each specimen at the fracture surfaces to determine struc-

tural differances.

Specimen No. 45lc, tested at 540°C, had a high flexure
streagth, 27,260 psi. The microstructure of thie specimen shown in Pigure fba
consisted of short, thin, snd very evenly dispersed graphite flakes in the
eutectic matrix, Specimen No. 450e had low strength, 2330 psi, and & micro-
structure with graphite flakes that were long, coarse, and randomly dispersed
we ouvws in Pigurs 56b. The micrestructural appearance of specimen Mo 460g,
vhich had an intermediate strength, 6810 psi, is skown in Figure €7a. The
graphite flakes in this specimen are intermediate in size and distribution in
comparison to flakes in those specimens (460e and 451c) having low and high
strengths. Specimun No. 45le, with a strecgth of 9400 pei, had a microstructure
(Pigure 67b) vhich wore closely resembles the microstructure characteristic of
the high strength composite, specimen ¥o. 451c. However, the light arsss
arou.d the graphite flakes can be dssciibded as "divorced carbide." These
areas were formud during solidification of the mslt vhereby graplirze from the
eutectic tends to diffuse to the graphite flaka arcas leaving single-phase
tantalum carbids cegions surrounding the primary grasphite.

The specimens tested at 1100°C had fairly unifors
s:rengths in the range of 6000 to 8000 pei. The microstructures oi thesc
spacimsns at the fracturs curfaces were very eimilar in snpearance to tha
microstructure of specimen Ko, 450f vhich (s shown in Figu:e 68s. Specimsn
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20 4

a, Specimea Fo. US1C, Compositions Ev/o Graphite Flake,
Flexure Strength, 27,260 psi

b, Specimen No. L6Ce, Covpogiticnt 9v/c Graphita Flake,
Flexure Strengthi, £330 p=t

Flgure 6. Microstructures of Two 78C-C dypers itectic Specinens
Having Lo and High Strengths at 540°C
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#. Specimen Bo, 4&0g, Composition: 9v/o Grapnite Flake,
Flexure Strength, 6810 psj

i 1 A ONPAAIGS IRl 8 o i 7tk

2 ve Sesple Mo. [Sle, Camposition: 7r/o Graphite Flake,
i Fiexire St. ongth, .00 pel

Figure €', Microstructural Couparisons af Tet—-{ Hypereutectic
(osposites Exhibiting Invarmedtato Strengths et 540°C
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a. Specimen No. LAOF, Composition: 9v/o Graphite Flake,
Flexure Strenpgth, 7570 psi

-

b, Specimen No. li62a, Ccmposition: 11v,0 Graphite Fiake,
Flexure Strenghtn 20LC psi

Figure 68. Microstructural Comparisons of TaC-C Hypereutectic
Composites Tested at 1100°C
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111, B, Task 2--Developmnent of Tantalum—-Carbide-I ined Tantalum
Carbide/Carbon iypercutectic Composite (cont.)

No, 4624 had the lowest strcageh, 2040 psi, of the specimens teated in this
series. The microstructure cf thie specimen shown in Pigure 68b had a high
concentration of lcng, randomly dispersed, graphite flakes in the region of
fracturs.

The specimans tested at 1650°C underwent noticeable
plastic deformation. Strengths at this point become apparent values since
the flexure formuls is not valid. The specimens were capable of sustaining
loads over s longer period of time than the microcompnsite or other carbide
composites previously testad. At thvis test temperature and st the lower
temperatures, the hyperevtectic compocsites exhibited outstanding resiscance
to crack propagatisn. The graphite flakes readily dissipate crack energies.
A "stulr-step” crack pattern cccurs across the thickness of the specimens as
shown i Tigure 53, Pigurxe 70a shows the microstructure of specimen No., 446f
wvhich had the highest etrength at 1850°C, 26,190 psi. The flakes in this

sicrostructura are relstively coarse because of higher - .rhei content; however,

W, SYW- 4 A W W

the length of the flakes was relstively short. Figure 70b shows the micro-
structure for specimen No., 4621, which had unusually short grephite flakes.

The specimens tested at 2200°C had considerable strength
variation, The highest stiengtl of 33,130 psi was obtained with specimen
o, 462g which had a & v/o graphite flake. The microstructure ~f this speciven,
Figur: 7le, had relatively thin, hort, evenly dispersed graphite flsk.s., The
cospraitions having high carbon conteuts (12 v/o graphite) had extremely low
strength. Trigure 71b shows thae hsavy graphite flake distribution in specimen
No, 443g which had the lowest flexure strength, 4470 psi.
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Flgure 69.

Frocture Pattern in Ta(-C Hypereutectic Flexure Specimens
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&e Specimen No. LLES, Composition: 12v/0 Graphite Flake, ,

Flexure Strength, 26,190 psi g‘“"

y /‘

be Specimen Bo. L6, Compositioni 10v/o Oraphite Flake, —
}ilexurs Strength, 14,020 pai ()

Tigure 70. Microstructursl Comparisors of Tal-C Hypereutect'c o~
Composites Tested at 1650°C {J
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a, Sample No. L62g, Compnsition: Lv;o Orephite Flake,
Flexure Strength, 33,150 psi

R

SOX

b. Sample No. LL3g, Cempcaition: 22v/o Graphite Flake,
Flexure Streagth, uli70 psi

Figure 71. Microstructural Compatiscns of TaC-C Hypereutectic

Comy vsitions Tested at 2200°C
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111, B, Task 2—-Development of Tantalum-~Cirdide-Lined Tantalum
Carbide/Carbon Hypersutectic Composite (cont,)

b. Modulus of Elasticity

Sonic modulus of elasticity measurements were sade at
abient tempersture cu flexurs specimsns prior to flexure testing. The conic
acdulus dats ar> presented in Table XII. The correlation between thas modulus
of elasticity and carbon content is shown in Pigure 72. Specimens with graphite
contents of 9 to 11 v/c bad moduli of approximately 30 x 106 pei. The modulus
of elssticity dacremsed eignificantly with increasing carbon contents to a
level of spproximately 13 x 106 pei for compositions with 18 to 19 v/o graphite.

¢. Thermsl Expansion

Two hypersutectic compositions reprasentative of the luw
and bigh carbon contents, 9 v/o snd 16 v/o graphite flake, were selevted for
1inesr sxpansion messuramsnts from 25 to 2172°C. These specimens were testad
using the procedures snd equipment previously described for thermal expsnsion
msssuremonts ou the ricrocomposite., The test resulta ars preaented inv
Teble YTill. Yn section b of both tables, ths thermsl expansioca data have
been exprassed in terms of total ther:al expansico, in./ia. x 10"3. end as &
thermal expanaion coaffictent, in./i{n./°C x 10'6.

, A plot nf the tharmal expension data for the twe composi-
tions a3 a {vnciioe of tampersture is shown im Figure 73. Por comparative
perposes . thormel expaasion data for stoichiometric TsC as reported in the
1iteraturs (Refarence 7) and calculeted from X-ray diffrectioce “d" epacings
Mave desn included 15 the figure. A compariscu of the expaneioa cutves ahowe
that both csnoeitim clossly follow the expsnsion behsvicr of teatalum
sooocardide. The 16 v/c grephi~s compoeition hed a slightly higher expansion.
Whether this differsnce can bs attributad tc & fferarces !n carbom coutent
would raquirs fucthes {ovestigatios,
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TABLE XII1
LINBAR TEERMAL EXPANSION MEAS: IEMENTS
TOR TaC-C RYPEREUTECTIC COMPOSITIONS

Composiciont 16 v/o Grephite Fleke

a. Cormected Measured Daa

Specinen Thermsl Percent
Tq:nmg. Specimen !:qnn.-ium.“3 Deviation from
c Expansion, in. io./in. x 10 Least Squares Fit
783 0.01016 5.84 3.92
1024 0.01291 7.42 0.22
1223 0.01542 8.86 .11
1420 0.01799 10.34 1.10
1626 0.01957 11,25 6.62
i83 0.02390 13.73 0.29
2118 | 0.02892 16.62 4.85
b, least-Square-Fit of Dsta
4 Therual Thermal Expansion
4 Temperature, Expansicn, Teaperature Coefticient,
4 _%c in./in. x 10~3 __4n./ta./%C x 106
5 300 3.50 7.00
4‘ 1000 7.28 7.25
' 1500 11.07 : 7.38
2000 14.93 1.47
2500 18.9 7.58
3000 22.90 | 7.63

GRS
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TABLE XIXI (comt.)

Composition:

9 v/o Graphice FPlake

Correctad Massured Dats

Specimn
Temparature,

°c

137
1081
1253
1460
1684
1873
2272

Specimen

M" mim, in.

0.00753
¢.01182
0.01430
0.01647
0.01943
0.02206
0.02514

Least-Squace~Fit of Dats

Tesperature,
*C

500
1000
1300
2000
2500
3000

Thermal
Expuneion
in./{n. x 10~3

Thermal
Expanaion,
in./in. x 10~3

4.31
6.76
8.19
9.43
11.13
12.64
14.41

Percent
Deviation from

Least Squares Fit
2.83
0.22
3.06
0.16
0.69
1.26
2.59

Thernsl Expansion
Temperature Coefficient,
in./40./°C x 10

2.91
6.1%
9.71
13.a8
17.42
21.62
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111, B, Tusk Z—Development of Tantelum-Cartide-linsd Tantalum
Carbide/Carbon Hypereutectic Composire (ccnt.)

Theraal expansion of the wo compositious can de
exprrssad by the following equation;

¢ 2
- {T=2 {(T-25
[+ A] L S) + Az Y )

vhera a3 = linear therwai expansion

T = tesperature, °C

For Cowposition 9 v/o Graphite: For Compoaition 16 v/o Crap:ite: .
&, ~ 5.90 x 107 ta./1n./%C Ay = 7.317 2 167 1n./10./%
A, = 0.4562 x 167 in./in./%C Ay = 0.1289 ¥ 1670 1n./12./7C i

d. Therwal Diffusivicy

The results of therzal diffuajvity nessurseer?s on Thies
TaC-C hypereutectic compositions is prageated (n Table XIV. The diffevences
in dnts axe consfdered to ba ty;ical of the acatier found 1n this determivation.
A coaparis>n of these dsis with the litersture (Referemce 8) shows the duta to .
be slightly lower rhan the rezorted value of O.CB c-iz,"uc for tamtalum
movocardiGe.

3. Develcpmczt of Mif uston Forming Yochuique foi Tl Liner

Dats sublished ou tha Siffavion rates iz the Ta~{ Pingry
systea are liaitel. Diffusion coclficiemts {or carbon £{s Tal bLetweee 17X
and 1700°C vere fztarmined by Resnick and Setgle (Refev:uce ¥). A value of

$.8% = 104 c-z,'u: ¥ae JVserves at 2600°C, Briser (Xsference 10) deterviued

the d2%Ffuia coefficimite of carboe f{n Tel betweern 2100 and 26%0°C and

>
' loec ac 2500°C,

-7

vepoytes 3 value of 2.22 x 12
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TABLE XIV

THERMAL DIFFUSIVITY MEASURRMENYS
O YaC~C NYPEKEUTECTIC COMPOSITES {’".i

Compnaition Temperartare, Thermal ﬁffuzwity. —
/e Grephite Ylske °c , [o2¢ { )

L ] Ambient 0.059

540 0.040 i)
775 0.042 -

775 0.048 T

) Jabirat 0.635 ()

540 0.050 o

.

728 0,054 A ‘

s A Lant 0.055 )
[ 5 | 540 0.046 T
540 0.046 iy

m 0.035

g | - 3 0.035 -

0 LW oot oW o, S i
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_ I1I, B, Tk 2--Development of Tactalium-Carbide-Lined Tarn.alum
“ Carbide /Carbon Hypereurectic Composite {cont.)

The diffusion coefficient of carbon iu Ta metal was decrr-
winad to be 6,58 x 10’5 cazf'mc at 2607°C by Kalioovich, et al. (Reference 11).
This valuz, aicng with those reported for carbon diffusion ip TaC, indicates
that the tantalum meixl reaction with TaC-C hypereutect{c should not picceed
at & high encugh rate to provide s TaC coating o) suitsble thicknees. However,
_ Reference 11 alsc showed chat the diffusicn coefficient, T, was iinear depen-
, dent oz tuspersture, leg D w» f (1/T), up to 18C0°7 and then showed 8 preifive
: deviatior froa linear depenucnce up to 2600°C. Should this devistion continue
above 260U°C, the diffusion rutes could be sdequate for providing e diffusion-
forued TaC coating of suftable thicknecs. This deviation s sttributed to an

iocreasing activation energy, E, with temperatura, The reunlt is an increasing

value for the diffusion coefficient with temperature.

a. Carbos Diffusion in lsnialum Metal

i To estadlist whether 2 suitable TaC coating on a [al-<
i bypereutectic substrate could be achieved, the process parsmeters «f time acd
; ‘ teaperature were studied by rescting Ta metal with graphite. These dats were
! considersd to be of the same order of magnitude as those for Ta reacting with
! the TaC~C uypersutectic. Diffusion couples ware made of Ta and carion and
i snnealed at tesperaturs from 260C o 32C0°C.

The Zautalum metel used it this iowestigation was 325 assh
powder of 99.9% + wtl purity. The chewical analysis of the pouder is shows 1a
Table 1. The powder was packe? fn & 0.5-in.-dla bole drflled in an AT grade
graphite block und placed in & praphite heater which in tmi ves fnseveed (atu
the resistance fursacs showm io Yigura 56. The furnace was ov*gaceed whii-
being heatec to JO0U'C umder vecuunm, backiflled to & ¢te of elium, and tlen
bested to thy destred 41ffuaioe sezeal temperature at MAAC/minace. .- lew-
pe. stures were messursd vith a2 Leeds sod Morthrup cpticel pyroseer om the
graphita bes’+r at & pnint 1 in. shove the sary e, After Aaiffusion, ohe chick-
aessse cf the cartide isyers waze amssured oc pholocicrographe taken at 30 to
200X .

et
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IIX, B, Taak 2--Developmen’” of Tantalum-Carbide-Lined Taatalum
Cartice/Carbon Rypereutectic Composite (cont.)

The carbide layer growth data, listed in Table XV, show
tbs resulting TaC and TaC lzyer thicknesses. A revies of these data indi-

cutes that the TaC layer growth was minimal, <0.1 cm at 2600, 2850, and 30C0°C,

for all durations up to 23 minutee, In addition, a Ta,C layer was formed.

2
The phases preeent in the Jdiffusion laver developed at 3100°C for 2 minutes
are shown in a photcnicrograra in Figure 74. A TaC layer 0.1 cm thick was

formed st 3200°C in 10 minutes along with appreciable Ta,C.
b. Tantcalum DPiffusion in TaC-C Hypersutectic

TaC liners were formed by reacting Ta metal with TaC-
bhypereutestic substrates on the ID of 0,.75~in.-0D by U.20-1in.~ID by 0.5-in.~

loag specimens. The proces: temperature was 3300°C and duration was 10 minutes.

Although the temperature approached the melting temperature of the substrate
{3443°C) and was therefore a difficult process, a 9.i-cm-thick coating as
shows in Figure 75 was obtained. The undesirable Tazc layer formation was

absen:.
&, Tagk Summary
The resulta of this work «re summarized as follows:

a, The ability of the fuslon and drop casting process to

aclt and cast Tal-C bHiilets up to 4.2 in, in diameter has been demcnstrated.

b. Strength variations for a given composition at the same
tsst temperaturs can be correlated with the morphology of the graphite flake.
Flekes that avxe thin, short in lemgth, and evenly dispersed arc conducive to
bighst strergthe for & given cowpcaltinm,
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)
TABLE XV ,

()
*i SIMMAARY OF DIFFUSION DATA PUR CAEBON IN
E} .7 Ta AND TaC-C RYPEREUTECTIC ;
f i o/
E i »iffusion  Diffusion Vo (et u
} l R Syster: Temperature,®C Time, min TaC TasC(cm)
? 5"") Ta-C 2600 5 N.D.? 1.8 x 1073
i 2850 1 3.8 x 107 1.4 x 1072
& B
3 ) 3000 2 1.9 x 1072 1.5 x 1072 |
: .
2 . 3000 2 2.4 x 107 4.2 x 1072 :
8 ) - i
o 1000 5 3.2 x 1072 5.3 x 1072
‘ - -5 -9 {
1 3000 10 4.3 x 10 © 6.4 x 10~ ;
E l,' " 3000 23 8.9 x 1072 8.8 x 107 2
T, 3100 2 2.6 x 1072 —— ;
} I -2 -2
1 3200 1 2.1x 10 2.8 r 10 y
N 3200 3 6.0 x 1072 -
3 B 3200 10 1.1 x 1071 —-
)
o B -1
! ) (TaC-C)-Ta 3300 10 1.1 x 10 ntl

' 1, W« UWidth of carhide layer

. W 2. Not cetectable
Iy )
] L
; ) Page 137
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131, B, Taak 2-—Develcpment of Tantalum-Carbide~Linad Tanzalum ;
Carbide/Caibon Bypersutectic Cowyosite (cont.) a

c. The strength and modulus at smbient temperature decrecsed
significantly with incressing carbon content. This ssme conclusion regarding
slevated temparsture strength data is not readily apparent decause of the
limited numbsaxr of tests.

d. The thermal expansion characteristics closaly followed
the expansion behavior for tantalum monocarbide.

e. The thermal diffusivity data were slightly lower than
the repocted data for tantalum monocarbides. .

f. A diffusion process for forming a TaC liier on a TaC-C

hypereutectic substrate was successfully ‘emonstrated. :
C. TASK 3—THERMAL SHOCX RESISTANCE EVALUATIONS
The chjective of this task was to determine the thermal shock

resistance of the microcorposite and TaC-C hypereutectic compositions and {rom
this thermal gshock resistance establish their suitability for high-temperature,

solid propallant nozzle applications. Two microcomposite composiiimms,
8Ta-55HE-37C and 8Ta-54Hf-38C, and TaC-C hypereutectic compositions, #fith

variations in graphite flake contents from 7 to 20 v/o, were evaiuated.

U U

1, Experimental Setup ir Hyperthermal Envirormeantal simlaror

1

L
S’

The Hyperthermal Envirunmentsl Simulator (HES), ehowe ia
Figure 76, was wsed for the thermal shock testing. The HES is s high -pressure,

. ¥ :) l-wageratt plasms generator facility, developed for nate-tasl studies in vhich
-2 controlled rocket mutor combustion eavironments and thermal stress covditioas -f_
3 D can be sisulated. The HES syatem can be operated at pressures up td 500 paig,
1B !
1 ':') Page 139 ;
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111, €, Task 3—Thermal Shock Resistance Evaluations (cont.)

at gas teaperstures to 10,000°F, and at flow rates between 1 and 20 1lb/minute,
depending on the gas composition and enthalpy required. At maximm power, in
excess of 1.2 megavatts, the system is capable of being operated {or durations
up to 5 minutes. The unit can be operated with nitrogen, nitroyen~-hydrcgen
mixtures, and simulated propellant cosbustion mixtures including carbon dioxide,
carbon monoxide, hydrogen, hydrogen chlorine, nitrogen, oxygen, and water. To
duplicate the thermal shock eavironment of a rocket engine, initial heat flux

to the sample must be high. The test procedure for HES thermal shock tests 1s
to start Nz gas flow at full flow rate and then to start the arc at the full
power level. The resulting start transient is similar to a rocket motor stsrt

transient.

The candidate cormposite bodies selected for thermal shock
verification wvere prepared sas swell, tubular specimens with an ID of 0.20 in.,
OD of ¢.75 in., and & length of ".75 {n. for the microcowposites and 0.5 in.
for the hypereutectic composites. Each -omposite specimen was press-fitted
lato an ATJ graphite backup. The insert/graphite assembly was pressed into a
cylindrical silver-infiltrated tungsten holder. fThe use of a holder possessing
a high strength and a high modulus of elassticity wvas found to be required to
prevent the graphite backup from cracking during f/ring due to the higher expan-

sion ¢f th2 carbide insert.

The arrangement of the specimen in the grarhite btackup after
attachmenc to the HES noazle is shown schewatically in Figure 77. The overall
schematic arrangement of the HES test cetup 13 shown in Figure 78. As showsn,
the specimen was attached to the onzzle of the HES unit snd therwal shock
teating wss sccoaplished by passing the hot plesma consisting of a nitrogen/
helium goa mixtuse through the spe-imen. A 7.5 wtl addition of delium wvas
added to the nitrogen plasma stream to increase the heat flux to the required
niaimm level of 2800 BturLtZ/lcc. Cold-wall heat flures developed during the
duraticn of the test vere measuied by the copper calorimetor affixed at the

exit &:d of the specimen.
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TO | MEGAWATT DC POWER SUPPLY
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11X, C, Yusk 3-~-Thersal Zhock Rasistance Uvaluatioes {comt.)

£

2. (Pueige of Inoart for Thermsl Shock Tests

’s%
\ o

The most importamt criterie iu the desiga of the thermal

shtck insert was to asuure that ke nsterial belug tested would undergo s
critical test mmd properily simmlate the coaditicms vader wzich the matarisl
will b testes 53 the fuil-srais nossle. Ratsblishing this design fovolved

deriving detailisd thermal apd stress snalynis of varicus derigus o establish §.}
thi optimm wall thickiess secessary to miciwize thermal gradicats and reducs ‘
eritical strais. The properties of the micrecapposile caxdide wese wad in 5
theee suzlvees. h
)

Thiws wall thicknessss, 0.12, 0.15, and 3.273 2., wers
coasidared iu the design of the HES insert. The silscticn of thesa thickuevsaes
wves based vpou frbricatiod considerstiocs, suincele o full-scale scaling
faczore ir reletion t~ stress comditice snd expacted wateriil regiswessice during
the tests. he full-scele soszle design thit was smulvsed ves sintiar to that
dsconed 1p a tuisequent sectiocn, Jewonsiration firing T2eis. Varying vail

- -, X PV
o e MG BERD A O NP

B WM L Al R e 1R e P

“ thickaesses, 0.25, 0.5, and 1.0 {n,, for the throat incert wers in:luded in ?D *
k 4 the snaljufe. Both the HES sud full-scale imeerts were mialysed vith graphice
’} beckups . )

& Asrnjet coaputer vrograx which perxits wse cf a large o
_ m of coucentric cylinders sad allows input of different msterial propecties :
. for sach cyiisder was urilised ir D e2%ress malyats. In this c¢oxpnler progrma,
the ant:>tropy of each riterial ia the three principal directions—-hoop,
lag ! Tadicel, ani through the thickases—is taksa {sto accow:l. Iaput of

variows erd comstraiat condixious are alss provided for as wall o faterzal !3
. gressazs. T2 le wee tatas cowputer prograc, the phyeical sod therwal
properties of the entsrisl mast de carefuliy seiscted ss Opical and effectiva (:} !
m notsls o -mal shock couditione bafore losarlize tato The cimputer progrim. ]
- The trisxial strosees which apresr criticsl era inwectigated by the octahedra! —~
shasring clress Zallive critavion shows as foll-we: u

o Page 144 ] {3
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111, C, Task 3-~Thermal Shock Resictance Evalustions {cost.)

4
ol

73
)24(02-03)2-&(03-01)2-—;-33-

cmax " V3 [(a)‘ -0

2
vhere o, 1s taken ss the short-time fatluvre screegth of the uaterfal ac
tappersturs, and the fsctor ¥ ;rovides a safety oy corre’siion fsctor whe
corrections Inr struss concentration, surface roughrese dve Tu machining, o7
other sxiraneous i{aflussces sppsar to affect L

The slevatold-tamparatyze flacuial strmmgth {fupur dats used
in thie prograe arc shows in Figure 78. ihe values estimated for Polsson’s
ratic and the nodulw of elwsticity as s function of tampersture are givwn in
Figures 8C mud 21, raspectivnly. 4 stress anslysis, using these astimsted
valuss, showed that axtrasely bigh tmgantial tansile svresses would develop
ca the oute: surfacer of both tha ewbecale sud Full-scile inserts. The valves
sbcained wer: wall shove the ultimste stramytk of the materiul,

Subsegoent seg.yees were conductad wning strass—-étraic charac-
terfitics mdsr rapid “thermal shock™ tyme iceding. From koowledge of tha
rtress-atrain dsbrvior of the microcamposite st si:w atrain ratea, cresp dats,
and the behexior «f othar refrsctory mutaricls, an estisuie vas mnde of the
strecs-atrein Sohavior of tie microtompwite coaposition 8Ya-53HE-37C at high
1ond rates. These nctizated atrsss-ctvain ourves from ambient to 4000°Y are
presanted (n Plgure #2. Aoalynes vsisg thes: properifes indicated char the
time at vhich the maxisus thereal grodisct sxrsted i the (zscct wvas pot
necesssrtly tha time 2% which critical eirzasas wers developad. Tusrsicre,
it bacams cpparest that a more veslisti expreesios of the rariative of etress
with iime vas regu.ted.
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I11, C, Task }—~Tharmsl Shock Resistancs Evaluations (cont.)

The parmmeter chocsen to reflect thesa variations vas as

K= D) (8,0 ®

vhers T « tamperature gradieat
l‘m = socant medulus of alasticity which is tims dependent
P « geometrical term which varies caly witk the thickness
of the inserts.

The thermal cosfficient of expensicm, o, 18 clsr important in datermining the
magaitude of stresc. Its variadbility, howswer, with time is not as significent
e the fsei:miu and I. ac’ Analysis of tha fulli-ecale noskle insert is shown
graphically in Pigure 83. The rasults show thai K decresses with thicknese,
evamn thovgh AT increacos, becavss of the dscrecaes in 3‘“ and P,

e WRS insert designs, with wall chickpesees of (.10, 0.15
aad 0.273 in., ware spalysed iu terms of the variation of the paraseter K with
tims. Tha eagnitnde of the strcases which develop on the 0D of the insert
doring the {nitisl esconds of the HAS taot sre presented im Table XVI. As
shorn by the dste, tha insert with a ¥.275-1in, wall thickness had the lowest
(D stresescs sfter (1.6 nec and therefors has the best chance of surviving.

This wall thickness was thiiafore selected for the BHES insert,

The daza fros a similar suslynis of the full-scals insevt
with varying thicknesuss iz presented in Tehle IVII., The variation of the
pezamster K with tims is ohown graphically in Pigure 86. The insert with a

- §.3=4n, wall thickness was detarmined :c dewalop the lowsst (D etrevs of
ss,iae pai afver 2 ssc of firfsg. Tha critical ctresees for ol thicknesses
at soms point in time wers fousd to be nsar the ultimete atreagth of the

Vnmin. Uben s graphite dathup is ueed, the atress walive are reduced
-y sm satimeted 10 to 20%,
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TanLt xvi
VARIATION OF PARAMETER, K, WITH TDIE

Ke (AT)(X__ )P wheze: B = Sacsut Modulus
aec 88C ot Fatlure

2 -
-~ c '
oy los, § O
=b
c
s & O
Time, AT, Av Texp, l‘. ’ K e,, 0D Stressvas,
e ¥ —r 3.;.3:_ b 0 pes O
A. 0.275-is.-thick Insert P = 0.602; -2-(“1‘:7 -
0.6 3321 1741 13.7 26,600  3.05 43,500 O
1.0 3583 1878 12.5 27,000 3.2 52,600
2.2 3833 2110 12.0 27,700 3.8 £8,300
2.6 3783 2198 2.0 27,350 3.3 58,400 O
3.2 3845 2241 8.13 18,800 3.5 40,800
| | . e O
3. O - P w0710 FESY TR
0.4 3038 1637 13.2 28,600 1.9 51,500 { )
0.6 3166 1818 12.5 28,106 3.1 53,100
0.8 3291 1909 12.0 28,100 3.2 $4,80C |
1.2 1BY 2089 1.0 28,2%¢ .42 £3,00C .
1.8 18 251 8.13 16,900  3.%7 41,100 iD
C. 0.10-ia.-thick Inserc P = 0.778; 0oy ° T3 ()
a2 2548 1403 16.4 32,600 2.7 53,600 _
6.4 2857 1738 13.3 29,300  3.0% 54,900 i ) :
0.6 3047 1839 13,5 50,000  3.18 58,200
L0 2838 2147 12.0 26,650  3.45 56,100
1.4 269¢ 2256 8.13 17,000  3.58 37,100

»




Report AFRPL-TR-68-143

TABLE XVII

FULL-SCALE MOZZLR INSZET
VARIATION OF PARAMETER, K, WITH TIME

Kw (AT)(E )} P vhere: R = “gcant Modulus
2 sec sec at Tailure
c!—bz b

¢
log, §

Time, AT, Average Bu a 0D Stcssses,

K
sec °F  Temperature,’r (105) (105 (10-6 pai
. g -8
A. l-in.-thick Insert P = C.815; 713y ™ To64
1.0 2356 1258 16.2 31,100 2.55 48,500
3.0 2660 1410 15.7 34,100 2.70 56,000
7.0 5585 2879 3.96 18,100 4.25 47,000

O
O
O
O
O
O
O
0
0
O 10.0 5701 2936 3.04 14,130 4.30 37,100
O
D
»,
0
O
0D
D
D

14.0 3757 %99 2.66 12,500 4.40 33,506
20.0 5718 w0l 2.3 10,900 4.50 29,900

B. 0.5-in.-thick Insert F = 0.893; i(;-v) . 1‘:%

2.0 5088 2625 5.9 22,700 4.0 55,400
4.0 5315 2815 3.96 18,800 4.2 46,200
6.0 5255 2997 2.86 13,400 4.35 35,300
10.¢ 4952 3302 2.18 9,650 4.70 27,700

. S - a
C. 0.25-ia.-thick Inmert F = 0.988; 377707 = 1743

1.0 4622 481 6.33 28,900 3.8 67,000
2.C 4571 a2 3.46 13,800 4.25 40 ,80C
L 3357 3503 1.2 5,180 ..9 15,400
8.0 - 3? a1 1.0 3,500 5.3 11,730
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I1I, C, Task 3~~Thermal Shock Resistance Evaluations (comt.)

3. Experimental Results

8. Microcomposite

Duplicate thermal shock tests were conducted with the
twoc compositions, 8Ta-55Hf-37C and 8Ta-55Hf-38C. The test conditicas,
regression rate, and weight logs sre shown in Table XVIII. Yor each composi-
tion, one test was planned for s duration of 20 sec and the other for 60 sec.
Three tests vere as planned; the fourth was terminated after 8 sec dus to
overheating of an exhaust tube in the HES umit,

The typical posttest appesrance of an insert frcm each
composition i3 shown in Figure 85. All specimens contained radix' cracks,
vhich extended the length of the specimen., The 8Ta-35f-37C specimens remained
physically intact after removal from the graphite backups. The railal crack
~atterns could be observed in the graphite backup as a resuit of the carhide
expanding into the graphite during rhe firing. This observation established
that cracking occurred during heatup rather than during the rapid cooldowm.
The 8Ta-54Hf-38C specimens contained more rodial cracks than the 8Te-SSHf-I7C
specinens and fractured into small wosaic segments between the radial c sck
planes. As shown in Table XV11I, oo material regression vas experienced in
the throat region and the smcunt of weight losas was insignificent.

Exssinstion ¢f the microetructure of the 8Ta-54H-38C
specimans showed & mococarbide sone (0,060 fn. deep on the flese surface. Metal
alloy exioted in large pools within the grain boundaries of the monocardide.
Below tal: 2zome, there was a gradual trensition over a distence of spproxi-
mately 0,030 1in. from the monocarbids phase to the cherscteristic microcompo-
site structurs wvith thas metal precipitated throughoul the gratims.
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IXX, C. tack 3-~Thatwani Eh.ck lesistascs Evaluations {(comt.)

: : : Exaeinstions of ths microstructure of the 8Ts-S5Uf-37C
'mmmmmamwtwunmmmmm.«
"_wmmwm. The photoxicrograph {n Pigure 25 shors the texvudnetion
of & qzsh star e floms wuzfecs im sm imenrt. The charactsristic precipiteted-
satsl alley phaie exteicd throeghout the shickness of the inserts. Some of the
mstal ailey wfited aud flowed imto the cracks thet origlasted st the OD of the
fuoert durieg dostsp. | '

he resaits of the parformance evaluation on this series
of el svech tuots on the fwo aicrocomponite compositions, 8Tu-S582-37C
@i Bo-JWL-NE, ave swmarised as follcws:

(1) 5o natarial ragression occurred for either compo-
sitier; therafors, idcrospalling or crooiou effects do not appear to be a

(2) ¥ groes material lose by “chumking” or ejectica
of lm. sagrmats o:xxurred {or either cowpagition.

{3) Pive chermal strese cracking occurred im both
‘wdﬂm Suring tast firimg. Cracking was less severs for the coeposition
Sn~$3RE-37C. This 1s delisved to ba ¢ rasult of the greater volume of To-HE
aetal sliey it The grain bownésriss in cosparisca to STa-SAGf-3AC.

®. <€ Wypervestsctic Comprsiies

Iz the thorual ehock resictanes svaluation of the Tal-<
iFperoutactic cmpositen, aight tasts wers coeducted te evaluate variaiices in
oarbay ocatent aad cdbsrence of the Tal flame liner on the Tal-C substrate.
P cmpositises tasted togather with tent cosdit‘oms, regression rates, mmd
 waight loss fz eath rea are preveatsd in Teble IILX. '
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111, C, Task 3--Thermal Shock kesistanc~ Evaluations (cont.)

In the tirst veries of tests which were conducted on
iaserts without a TaC liner, the variation in carbow content was expected to
praovide a wvariat’.a in resistance to thermal shock. However, none of the
fonr inserts tested cracked. There was no significant materiai regressiom,
Figure 87 shows ths excellent posttest appesrance of t-  cLaext from composi-
tion 7 v/o graphite flake, which was typical of ail the inserts tasted ir this
series,

The second series of four thermal shock evaluation tests

was conducted on inserts which had a aC liner formed in situ on the IT flame

surfa-e. The hypereutectic substrates were of varying graphite contents, i
8, 15 and 19 v/o. No surface regressicn occurred. Rowever, a slight weight f
lcss vas noted. These winor losses were believed to be a result of the
material loss during the sectioning of the insert from the graphite backup

and not during firing. Examinations of the thin TaC liners showed nc evidence
of epalling or cracking. The coatings remained i-tegrally bonded to the hyper-
eutectic substrates. No evidence of cracking wes found in the threze inserts
with the high graphite flake contents, 15 and 19 v/o graphive. The remeining
insert, No. 452-1, which had a graphite flake contant of 8 v/o, had ¢ slight
amount of radia® cracking in the exit portion of the insert as shown in

Figure 83, The aicrostructure in this regicn was found to be of the eutectic
composition., The abesxnce of primary graphite flakes accounts for the poor

thermal shock resistince of the material in this region.

4. gask Suzmary

The results o the performunce evaluatior on this series of

eight thermal shock tests are summarized as follows:

e, The TaC coated or uncoated hypereutuctic inserts
exparienced no significant material re;reseion from microspalling, chunking, .

ejecrion of the TaC coating, ox erosion.

ke iiiren
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8. [Exit ¥iew of Inserv No. 439-1, Showing no Structural Degradation
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2.8v

.
E
<
I

1.2x

b, Ssctiored View of lnsert in Grephiie Holder

Tigura 87,

Appeasrance of Hypereutsctic Ineerg, Compouizfor 7 v/o
Graphite Vlake, After Thormal Shock Tasting
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P ———
-,

1.2X
b. Sectional View of Insert in Grapiite Holder, Spec. No. 452-1

2.8x
a. Bxit View of Insert No, 452~1 3howing Radial Zracas

Figure 88, Appearance of TaC-Coatad Hypersutectic Insert,
Cosposition 8 v/o Graphite Flare, Showing Radial
Cracks after Thermal Shock Testing
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-, "RE%, €, Tesk 3--Thermal Shock Resistance Evaluztious (cout.)

b. The uncoated bypereutectic ‘userts, “oth low carbon
omtante (7 v/o graziite flwze) evd high csrbom conteats (15 to 17 v/o graphice
- flahe), d14 not experience thermal stress crockirsg.

¢, 3he TeC costed hyparcutsctic inserts with carbon contects
fyom 13 to 19 v/o gri;hits flake exhibited no vherual cracking. One conred
iwsart contaiciag 8 v/o graphite flake developed radisl cracke in a region
‘which was found to be of sutsctic compositica.

D. TASX &—CHEMICAL CORRCSION EVALUATIONS

e objectives of this work ware to detarmine the relative
corrosion vesistamcs of the two candidite microcomposite mmd Tal-C hyper-
eutectic composites: (1) in s= envir.oment sisulating the sxbaust-gas
mtty of the moior tests to be conducted ip a subsequeni task, snd (2) to
charsctarise the two composites in varied propelluns-gas chemistries to define
the éavirommental capsbilities of the msterisl sysieae.

1. Test Procedures

Testing vas acccaplishsd it the hypsrthermal cuviroamental
simulator (HES) in a mannar similar to tha tharsal shock tezting previguely
described. BRegressicn rates wers measvrad st specificd locatiors {n the
carbide insert and in the entrancs and exit sactions of the AT araphite
bolder. These mumerfical locations are sucwy fu Figure 89. In the rocket
motor simulation tests, the specimens were evaluated by sim:leting the pro-

_ m: and firing couditicas to be used in tha fuli«scsle motor {irxings.

The solid propsilant simulated fn thes? tests had a flame temperature of 6300°F
and 13 wolel oxidizing gases in the propellamt sshauvat gas. The principal
axidising gases considered corrosive to the carbides are B0, CO, and OH.
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E
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Locations
Lo 3 2 3 4 ]
{ #

X

\\\—2:

\
X

. \- AT Graphite ¥lug
;

N 3 Caihide Insert

3

| ‘ \— AT} Graphite

i) Piguve 89. Cross-Se-tionai View of Inecrt Showing Locstions where
- Regresnion Rate Measurements .o Jbtained
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- XX, D, Task é~-Chemical Corrosicu Eveluations (cont.)

g A0, (iiquid) is alec corrosive but the effert of variations in the gases
choccres the sifwct of varistions in A1,04 content. The corrosive effects of
- Momid nzo,i un burh ths nicrocomposite snd YaC-C hypereutectic cumnceites
ave discussed ix Refarence 12. A sepsarats program urdar AFEPL sponsorship
woe omdnzied ot ths Squipment Lsboratories, Thospson-Remo-Wooldrilge, Clevelend,
- Ghis, to prixarily cateblish the mugnitude of the mactivity problem between
| ‘8‘:‘2-52 and thasa carbida cowposites,

X2 the mmm capability tests, three solid propellants
e nimalaiad wich uigher oxidisicg poteutiais than in the first series of
teats. The oxident ievale wers 3, 18, und 24 molel with flame temperatures of

£300, 8%00, wnd S800°F, respectively. Ihe thixd seriem of tests, comparative
ats, vars cosdmeted woing ineerts of Carbormdum'e Grade G-90 graphite.

2. Sepeximsatal Weoults
&, Zocks? Motor Stauviation

A coapilatiocn of the test conditicue and asterial
Tagreszioa ratss ace raported in Sectioa A oF Table XX.

O00O00000O00 OO

")

OO0 O 0O

Sltiw.

_ The inttial test conducted was vith the ccaposition
§0e-STML-RYC, Insert No. 47E. Tuis tex? was etupped after 20 sec due to a
bomn-thsoagh vithie the ssple end graphica holder wvhich elioved gases to
oncEpx isto the wator-cunled vample holdar, A posttast exsmination of the
sauple snd wise graphite holder revealed that the higher thermal expansicn of
tae carbida insarl cemsed the graphite backup te crack longitudinslly ip tle
satrance regioe, This Allowsd the plem: gas to flov through the crack and
domags cthe stxinlessstonl sarple boldar, Tuis problem wis alleviated by
andog & silwr Lafilizated teagezez tobe s sdown fa Mgure '7. Tha cerbide-

graphite iusarix wers prosa-fitred {aro the twagatez tudbe. The use of the
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27 TN, By Tesk &~<Chemicsl Corrosion Evaluations (cost.)

" tusgstes with o higher modulus of slsaticity allows the tube to partly
: mmu the thermal grauth of the graphite holdcr, thus preveating the

o In the next o tests with compositious 8Tas~S4Hf-38C
Tl GRe-S3E-37C (lusarts Bo. 471 and No. 473, respectively), problems wers
eméomntered 1z ob*uining the 1) molaX axidant lewsl in the plasma gas. Partial
’m of the oxygen finilets to thn mix chawber had cccurrad vith insert

W0, 471 mud the fnlots becma cowpletely plugged with Insart Ko. 473. This
beppams very seldom sod, thirefore, wae not datectsd wtil after the test with
W No, 473 wben 3 lox pressui decay was noted in the oxygen lioe.

In the fourtn test =ith compreition 8Y=-S4HE-38C,
m Be. é81, ull of the test conditionz wore achieved. The regression rate
of the carbide insert was 0.80 mils/scc. The grapbite in the exit regioca of
the issert, lociticas 3 sud 4, had regressioca rates of 0.82 and 0.78 mils/sec,
meepactively, whick vere sporoxisately the sape rate se the carbide izsert,
lfu goaphite locatnd in ths earrance section of the insert, locstiom 1, had a
aﬂﬁtly lcowz regiesnior rats (0.67 mils/eec). The lusert wveight loss was
37.51 for the uwl~s3C Cast, A PpOSledt mecTopivucturai examination showed that
the tasert deveiopod the sume iype of moesic crackiag previcisly digcus.ad foo
o thie wu‘.im in the sectica cu tharmal shock tests. Microstructural
7 sasaimatious vhoved & thin oxids f{lm on the flame surface. Below this film (
“ wan & thin lxyur (<0.030 1a. thick) of moaocartide. Balow this zone, these "
wem a gredual rvoasitios ower a distsnce of 0.100 in, to the cheractecistic
sdcrostructure containing the precipitsted slloy phese.

aabeat

4
\
Gy o ot AT AP PR AT Wl P 4 S, PR, O R

oo l.mt of the tasts oc tha microcompoaite compositions

e dtk composfion PTa-S5HE-37C, Insert No, A74. This test vas terulnates »

- afear 15 sec 2m to owrbeeting of 4 tude weed Lo duct the erhaust geser iuto
& vatar Wt Bowcwer, 'Ba test condifiots and data werz not Jeovardired.

Pags 168_
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111, D, Task 4--Chemical Corrosion Evaluatioms (cent.)}

The regresaion rate of the carbide insert was 1.08 mils/sec, slightly higher
than previously obtained for the composition BTa-S5&lif-33C, Iascrt No. 481.

The jraphite irv the exit sections had regression zates of 1.04 and (.88 mils/sec,
vhich are alss higher than that chtained with Insert No. 431,

Pesttest exsainstions showed the imme typ2 of radial
cracking which vas observed for this composition in the thermsi shock tests.
Microstructural examinations showed a2 slight oxide fila ou the flame surface,
The charectaristic metal alloy vhase existed a: all depthr From the flame

nurface.
) Using the same gas compositicn as for the previous
a B } micrccomposite tests, the TaC costed (2pproximately 0.010 in. hick) TaC<C
L ) hypereutcctic compositions were evaluated, The backup materials weye 11, 13,
é g .\‘} 17 end 19 v/o graphite flake. Throat sveasurements from which regressice
rates were calculatad were not obtained for tie one composition 17 vio
- \ graphite, Insert No. 451-2, because the graphite holder snd sample were

shstternd in the process orf being pressed frca the tungsten sample holder.

The regresaion races for the other three were 1.73, .75, &2d 1.93 mils/sec

Pt aig it )

for the carbide lasects. HNo correlation with respect to cowronition comld

be established for the hypersutectic cozpoeitfons. Indications were that

TG &

Ty

the thin Tal coatings were rewcvsd in 5 to 10 sec, leaviog the hypereutectic
substrate exposed. The regression patterus were not wnifcerm snd sll thrse

of the iaserts 'mdervent high materixl losses, rangizg Svom 35.6 to 58.% weX,

R

for the 60-eec test duration.

e

1 - Figure 90 shown the asppearance after testving of the
compasizion 19 v,/o graphite, Sample No. 458-1, which had a regression rate
g ) of 1./35 mils/nec sixd had the hMighest mazerial loss, 52.5 vtl. More unifors

seterisl ragressico vas experienced with the commosition 1) v/e zraphite,

Fagn 169
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2. &

a. Stxit Tar of Insart B3, 458-1, Rogressica Rats 1,73 uile/sec,
wt. Loos 58.5% :

1.2
*. Sesttonal View of Insart in Craphite Belder
Figere 0. Appasracce of TiC Coatad Rrpercutectic Imsert, Comporiiice

19 ¢lo Craphite Flska, Afta: Rocket Motor Simulation Test
(Fropellsasz 1) Mole I Oxidsnts)
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I11, D, Tesk é—~Chemical Corrceion Bvsluations (zomt.)

Insert Ko, 4533, which had a regression rate of 1.93 wils/sec and a veight
liss of 3.63. The appearsance of thi. insert after tes.!ing is showa in

Pigurs 91.

The AY) grapuite plugs behi~d tha carbide imsaris
axpiriencsd significantly higher vegressic rstss than the carbidr inserts.
Trsse Tegvessic. rates at locatioms J and 4 varied from 2.42 and 3.82 mils/cec
axd ase conridersbly higher than saticipated based upin the results of tae
wizrocxpceive tasts. The regression ratas in the graphit? entrance renged
trom 0.5 to 0.77 mils/eec, which {s comparable to tha regressiom rate cbisinad
with microcomposite insert Bo. &8].

The cooparstive results of the rockat motor simulation
rasts on »0th tha microcomposits snd the Tal-C hypeiteutectic compisites amm
summarizsd as follows:

(1) The two mlcrocemposite campositiongy exhibited
soproxiaataly squal matsrial ragression rates with the recorded diffavence
dua to u#lishecly dsfferent test gas compositions as inajrated by “he graphite

entrsace and exit ragrassion ratas.

{2) The four T4l lined Tal-C %, ~ceuisctic composites
hod ziwilar regression ratss. Mo correistion beivesn the rate of materisl
regremsion and hypersviectic caprosition was obtsined.

(3} The Tal~C hypersutectic composites had material
regressics retss M to 100% higher tham ‘he rates obtaimsd for the two micro-
campreite coapaslittoms. This 4iffereace can be attiributed te the formatiom
~f the tighe: =iting ctide, ENC
ia comparisca to u‘,o

- ™® the flame surface of ihe microcompnsite

5 formation ob the hypireutectic.
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we, Loes 36.6%

sape 172

e o A e o A

2.8

s, IOxit Vie= of Insert No. 458-3 Regression hate 1,93 mils/sec,

1.2X

b. Sectional View of lasart ir Gr shirc Hol.er

Figure 1. Appearance ¢f TaC Joat .d lypereutectic Inserc,
Composition 1. \'o Graphite Flake, Afiar socker Motor
Stmulation Test (P-onells # 13 Mole 2 (xidants)

e e N - O IR TR % 7

PRES




Report AFRPL-TR~68-143

; - III, D, Task 4--Chemical Corrosion Evaluations (woni.)

(4) A comparison of the regression data obtained from

i ’) the thermsl shock tests and the rocket motor simulation tests clearly estab-
w izhes that the mechanism of material regression for both composite carbide
- syeteas is caemical corrosion.
J! L\ i
§ “} b. Envirvonmental Capabilities

- In this series of tests (Table XX), the microcomposite
' composition 8Ta-54HL~-38C and the faC lined TaC-C hype:eutectic compositions,
17 and 16 v/o graphite, were evalu ted with simulated solid propellant
) exhausts having oxidant levels of 8, 18, and 24 mole’, The more oxidation

resistant microcomposite composition waz tested at oxidant levels of 18 and
\ 24 moleX. The hypereuitectic composites, because of poorer oxidation resis-

tance, were :tested at oxidant levele of 8 and 18 moleZ,

Microcomposite Insert No. 475, which was tested at
- 1% mole% oxidants, had a reeression rate of 1.58 mils/se: and a weight loss
{\,f oi 53.1%, Insert No. 475, which was tested at 24 mole% oxidants, haé a
slightly lower regression rate, 1.42 mils/sec, but as expected, a higher
) welihit loss of €4,7%. T[his lower than expected regression rate for this
insert is believed to be a result of tke nonunif-:m regression that occurred

in th> ¢pecimen, in addition to the farr il.at measuvremsnts were taken at one

\‘v"

specifiad location.

. Insert No., 469-~1 exhibited a regression rate of 1.1 mils/sec and 2 weijht
ﬁ) ioss of 20.6X. Figure 92 shows the anpearance of this insert after testing.
- The second insert, Hc, 465-2, which was zvaluated at the 18% oxidz:nt level,
“ﬂ) had a regression rate of J.90 mils/sec and a weight loss cf 82.7%7. This

excegsive amount of material regressioa can be seen from the uppearance of

..) Page 173
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b. Sectional View of Insert in Graphite Holder

Rk RREFO ., 0

[ EAN

2.68X

e. Exit Vies of Insmrt 469-1 Kegression Rate 1.1 wils/s«c, wt. Lose 20.6%

Pigure 92. Appesrance of TaC Coated Hypereutectic Insert,
Compoeition 16 v/o Graphite Flake, After Corrosicn
Tast (Propellant 8 Mole X Oxidants)
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11¥, D, Task 4~-Chemical Corrosion Evaluation (cont.)

the insert shown in Figure 93, The AYJ graphite behind these inserts corroded
at higher regresaion rates in a manuer similar to that eiperienced in the
previous seriee of rocket wotor simulation cests. In the 181 uxidant test,
the graphite in the entrance section experienced s regression rate higher

than the ingert,

¢. Comparative Tests

The comparative tests (Table XX) on Grade G-%0 graphite
were run at oxidant contents of 13, 18 and 24 mole%. Figure 9% shows a plot
of the graphite regression rates taken at location 2 as a function of prepel-
lunt oxidant content. Regression measurements at this location permit a
valid comparison between the regression rates of graphite and the carbides.

The regression rates increesed rapidly from 0.98 mils/sec at an oxideat

content of 13%, to 2.0 mils/sec at a content of 18%, and {inally to 3.03 mils/sec

at an oxidant content of 24%.

Figure 95 shous & similar correlation for ail of the
microcomposite tests at the three oxidant levels of 13, 18, and 25%. The
regression rates and weight of materiali loss are sirictly a function of the

oxidant content of the propellant.

The same type of correlation is shown for the YaC-C
hypereuiectic composites in Figure 96. However, higher regression rates and
bigher material losses at the same oxidant levels were experienced by thsse

composites in comparison to the results from the microcomposite tests.

Figure 97 shows a very significant comparison of the

vegression rates obtained for all the tests on the microcumpesite, hyper-

eutectic, and graphite inserts under the vavious simulated propellsnt exhausts,
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1.2x

b. Sectional Viaw of Inserxt on Graphite Holder

2.8%

a. [Exit View of Insert 4635-], Ragrassion Rate of 1.90 mils/sac,
wt. Loss 82.71

FPigure 93. Appsarance of TaC Coated Hypeveutectic Insert,
Composition 17 v/c Graphite Flake, After Corrosion
Teat (Propeliant 1% Mole I Oxidants)
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Iil, D, Task 4%-=Chemical Corrvorion Evaluation (comnt.}

As showm {in Pigure 97, the TaC-C hypersutectic composites had the highest
regression rates of the three materials., The microcomposite kad the loweet
material removal rates. The lov regression rates of the microccomposite
beceme quite eignificent with the highly corrosive propellants containing
18 and Z4 moisi oxidants.

3. Task Summary

The conclusicns derived fre propeilant corrosion tests on
the wicrocomposites, the TaC-C hypercutectic carbides, and the Grade G-30

graphite can be summarized sn follows:
2. Chemical Corrovsion Resigtarnce

{1} The principal mechaniss cesponsible for saterial
regression ia the o carbide cowposites was chemical corrosion caused by

oxidants fn sclid propeilsnt exbaus's,

{2) "™e microcompousite carbide exhibited regresczion
rates significantly lower than th:2 reres o>%alned from tie YaC-lined Tal-C
hypereutectic ccmposizes and the Grace -390 graphite, particulariy for propel-

lants with oxidant ~ontents of 18 and 24 wolel.
5. sropellant Selectior Critexia
{1} ¥For minipa) material regression tu a rucket neozzle,
the TaC-C hypereutectic composite should be used with propellants containing

isw total uxidants in the erxhaust gares. A recomwnded maximum lovel would

be 13 moleX.
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I1X, B, Task é—Chemical Cocrosion Evaluatioe {comt.)

(2) The sicroccmposite has excelleat resictance to
corrosice dua tc the in site formatiou of am oxide fils on the tlame surfece.
his compowiias can de used vith aolid propellemts comtaining high coutsnta of
acidants ix tha sxheast. It sppears that propellsncs with oxfidant contents
op to 18 wolal could be wsed with the composits vhan afnimal surface regressionm
wuld be Jesived. The coapcnits could be used vith higher oxidant coutent
propellannts, depending wpon the pressure asd thermsl envircamest of the insart.

E. TASK 5—-DEMOWNSTRATION FPIRING TRSTS

The cbjective of tuiz work was £o Jesign and fadricate ncazle
throat isserts of the 21icrocomposite aad Tal-L hypersutectic compocire systuwva
ad o comduct Jamcnstratios firfoge swploying the TaC-C hyvercutectic compo-
siZe systaa,

1. Nossls Duigs

The noszle ves dasigond for use {n aAPFRPL's 36-in.-dfa char
maicr. The motcxr cperating paramstsss were 3 $0°F propellant having s total
axidont conteat of 12 moleX, a nmminsl operatizg chesber pressurs of 10 pst,
sad deracions up to 60 sec. The tolz.ovim.'foe;:on vers conzidored fa tha
danign of ha noxxla:

8. Iovision ves nede for the excussively Righ teasile
srrnsses Sweslopod Lo the deckup womber due to the higher thirmal expsnsion

of the carkide losert.

. A eslfeccive gas segl wear netessaty betwesn the carbide
inssr: ond the pickup sliucters.
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I1I, E, Task 5--Demonstration Firing Tests (cont.)

c. The carbide insert had to be of a proper design symmetry

to reduce therwal shock cracking nr cracking due to notch sensitive arecas.

d. The throat insert had to be reliably retained to prevent

the ejection of segments should cracking occur,

Three throat insert designs were used in the program, one
microcompoeite apd two TaC-C hypereutectic. The basic design of the nozzle
is shown in Figure 98. This design was based upon thermal and stress analyses
using the properties of the microcorposite, since this composite had greater
terdency for thermal stress cracking in the HES thermal shock test. The
thermal stress analysis tock into account component geometry, boundary coudi-
tions, and pressure loads as well as the thermal profile and material
proparties, A finite element computer program was utilized which has the
rapability for solutions irn the plastic range. The plastic sclution is
required particularly for high modulus materials such as the carbides as
elastic solutions indicate thermal stress failures when none occur. Tc per-
form the plastic solution, the stress-strain relationship as a function of
temperature as well as the coefficient of thermal expansion and Poisson's
ratic are required. The analysis performed used the temperature profile

selected at a duration where the highest temperature gradient was predicted.

The design included a $.016-in.-thick copper spacer positioned
circumferentially between the carbide insert and the graphite backup, as shown
in Figure 98, to reduce the stresses in the graphite backup. The concept being
ti:at, as the insert expands during the firiag, the copper softens and extrudes
thus minimizing the strain induced in the graphite backup. The use of tapered
mating surfsces between the carbide and the graphite backup provides retention
of the insert, maintains a gas seal, and ailows the insert to shift aft as the
copper extrudes. In turr, the tapered suriace between the graphite insert

exit cone and the aft insulation assures vetention of the graphite.
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111, T, Task 5--Demonstration Firing Teots (cont.)

The use of a two-piece, threaded forwerd and aft insulator
provided ease of asesembly of the carbide insert and the two graphite components.
Tightening of the forward insulation assured a positive contact between the
tapered mating components. All mating surfaces between the tapered graphite
and carbon-phennlic componente and between the steel nozzle shell and the
insulators were bunded with Epon 913 to provide a gas seal. In addition,
"Pyrofoil" gaskets, produced by Carbon Products Division of Union Carbide Corp.,
vere positioned between the graphite entrance cap and the insert exit coune to
further ensure a gas-iight joint. The graphite used for the entrance cap and
the insert exit cone was Carborundum's Grade G-90 graphite, which is an
extruded, high dersity, premium missile grade graphite. The material used for
the tape-wrapped forward and aft insulators was carbon-nhenolic MX-4926 produced
by Fiberite,

2. Throat Insert Fabrication

a. Microcomposite Inserts

The fabrication of the microcomposite nozzle in.ert from
the 8Ta~5%d4f-37C composition was accomplished by hot-pressiug, using the
parameters previously 2stablished during the develcpment phase for this coupo-
site system, Une trial insert was initially fabricated to establish a pro:ess
vher2by ths ingert could be hot-pressed to the approximate dimensions required
by the insert design shown in Figure 99. During hot-pressing of this insert,

a mixture of lampblack and graphite chips was used as a core naterial in the
center of the insert to provide a hollow cvlindrical compact. This ingert
cracked radially at four positions approximately 90 degrees apart, An analysis
of the failure indicated that the carbon powder in the core densified during

hot-pressing and restricted the shrinkage ~f the carbide insert durinqg ccoldown.
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Figure 99. Design of Microcomposite Throat Insert
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111, E, Task 5~~Demonstration Firing Tests (cont.)

Fine powdered lampblack was used for the core material
while pressin, the first nozzle insert. This same powder had been used
successfully in hot-pressing TaC composites with ID cavities. Pressure was
relieved very slowly after the end of the cycle and the cooldown rate was
carefully controlled. The mold was sectioned for easy removal from the insert
to eliminate any poasibility of cracking the insert during meld removal. This
insert was much improved but had two radial cracks approximately BO degrees

apart. The cracks initiated on the OD and propagated to the core.

For the febrication of the second nozzle insert, a thin
graphite tube was used in lieu of the powder to form the ID. The upper ard
lower rams were siip~-fitted to the tube to allew compaction to occur during
hot pressing. During cooldown, the carbide insert collapsed the tube and
prevented the insert from cracking. An insert, 4.2-in. OD by 2.0-in. ID by
3.0-in. _.ng, was successfully hot-pressed using this technique. ‘lowever,
during machining to remove the graphite ID mandrel, the inseit cracked longi-
tudinally. The fallure was probably due to the existence of microcracks or
high residual stresses during cooldown. Microstructural examinations showed
that the metal alloy phase was coarser, Figure 100, than the typical, finely

divided acicular structure characteristic of the microcomposites made in

smaller sizes.

Two flexural specimens were machined from the inrfert and
tested at ambient temperature. The flexural strengths of 80,080 psi and
75,020 psi were significantly higher than the typical velues of 50,000 psi
previously obtained for this composition. This high streagth and density of
12.7 gm/cm3, which {s in the characteristic density range of 12.6 to 12.7 gm/cm3
for this composite, confirmed that the quality of the microcomposite had not
deteriorated because of scale-up. However, because of the success of the Tal-C
hypereutectic nozzle inserts discussed in the rext section, further work to

prevent cracking of the micrccomposite inserts during bandling was discontinued.
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750%

Hicrostructure of Hot-Pressed Insert Composition 8Ta-535Hf-37C,

Showing Coarse Metal Precipitate

Figurs 100.
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111, E, Task 5--Demonstration Firing Tests (cont.)

b, TaC-C Hypereutectic Inserts

The diffusion-formed Tal liner previously discussed for
the TaC~C hypereutectic substrate was not incorporated into the insert design
because of a reduction in the anticipated propellant flame temperature (6800
to 6500°F). The heat transfer analysis conducted on the nozzle with the
6500°F flame temperature indicated that the surface temperature would not
exceed 5800°F, well below the 6230°F melt temperatur: of the TaC-C hyper-
eutectic. Two designs were used fnr the throat Inserts, a segmented design

and a single-piece design.

(1) Segmented Throat Insert Design

Because of difficulties encountered during the
melting of the large compacts required for a single-piece throat, the first
throat insert was fabricated ‘n two scgments as shown in Figure 101, The
segment used for the entrance section was l-in. long while the segment con-
tainirng the throat was 1.7-in, long. A composition near the eutectic was
selected to provide the best resistance to regression, The appearance of the

segmented insert after machining is shown in Figure 102,

{(2) Single Throat Insert Design

The second throat was fabricated from a single
segment as shown in Figure 101. 1In this design, the length of the insert was
shortened and the angle of the taper at the 0D was reduced to provide a more
uniform wall thicknees {u c-mparison to the segmented throat insert. As the
chamber pressure obtained during the firing of thc segmented throat iasert
vwas higher then desired, the throat diazmeter for the single segment design was

increazed from 2.300 {n. to 2.370 in. A 9 v/o graphite flake composfticon was
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i 111, E, Task S--Demonstraiion Firing Jeats (cont.)

selected for thie imsert on the basis »f 1%a encellent vwverall performance .
the HES subscale rherma) shock and corrciion tests., The appearance of the

insert after machicing is shown ip Flgurea 103 and 104,

3. Mctor Test Firings

The two Ta'~i hypercitectic nozzle rthroat ilnserts were

assembled into pmozzles and test firoed at the Alr Force Roucket Propulsion

P

Laborstocy, Zdwards, Californie, using the 36-in. cher motor. Measurements

of chamber rressures, thrust, and thermoccuple rescdouts were recorded for the
duration of each test. The significant test ccnditions for both firings are

contained ip YTable XXT. A brief summary of each firing is oresented below.
: a. Segmented Throat Insert

The cramber pressure ve firing duration is shown in
Figure 105, The chamber preuzure on ignition rose from 808 psi te & maximum
of 53¢ pai siter 16 sec. Froa 16 2a 38.1b sco, cmsil fragments were observed

0 be randomly ejecting frox the nczzle., This occurrence was confirmed by

s

the lines: decay in chamber preasur: to 665 psi et 3£.16 gec at which time &

large nusber of fragments wery odbsevved. An instantanecus rise in the thrus:

7 trace confirmed the ejection of & srructural member ~¢ the nczzle. The saximum
§ thrus: vbtained on the motor wag 5816 1b st 15.8 sec. The dite o-teined frm
the chromel-gslumel thervocouple were erroneocus and thersfore could not b2

utiifzr~4,

b. 3ingle Threav Lusert

P L TP DTN PR

The firing perforvaence cf this nortle < .:sely folloved
theoretical predictions. A5 shown in Figure 10%, the chamber ~ressure desroase:d
slightly from 750 to 71! pai over the 43-sec firing duration. A mavims thiuct
of 5314 1b at 5.9 sec was recorded.
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Figure 104. End V_ew of Tal-C Single Throat linsert
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111, E, Task 5--Damons‘ration of Firing Tests (conmt.)
A continuous readout was ohtained froam the chromel-
alumel thermeccuple located 1 ia. below the flame surface of the throat. A

correlation cf these data with the theoretical analyzis is discussed in the
following section.

4. Poatfire Analyses

a. Sepmented Throat Insert

The postfire examination of the norzle revealed that the
throat segment (No. 2) had been ejacted and the graphite exit cone heavily

eroded.

The appearance of the nozzle as viewed froa the erit
cone is shown in Figure 106. Severe granhite regression was noted in the
region where the thiroat segmeat haid been ejected and in the axit cone. The
G-30 grspirite antrance cap revealed numecrcus radial cooling cracks as shown
in Pigure }07. The eatrince segment of the throat (No. 1 insert) was removed
intact and atowed minimal structural dagradstion. Figure 108 shows the axcel-
lent appearacce of the insert ae viewed from both surfaces, Four equally
spaced cocling cracks yunning longitudinally developed around the circumference.
The occurrence of these cracks on coolduvn was estatlished by tha sharp and

nonerodec ndges along the creck paths a4t the flame surface.

The regression profile of the nozile components {s shown
in Figure 109. The G-90 graphite entrance cep underwvent a significantly higher
material regression runging from 0.09 o0 0.i% {n. in ccwparison to the TaC~C
hypsreutactic entrance esgment whick had a total regressica of 0.025 {nm.
around A% of the circumference. The remaining 201 oif the circumference under-
weant unaven &nd higher removal rates ranging from 0.1 to 0,17% 1n. This
corrac ronds to a regresnion rate of 0.66 mils/sec for the major portion of the
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Figure 106. Extt View of Segmenied Noszla After Firing

Page 1%

PO et b s e bartes e ke e e e e S i SR SRS A o e e ey

i
£

- e . a—————— > wo

TGP O naday 90 poe




oy p—_ | —— T ————_—

S

N
-

Keport AFRPL-TR-684-143

Figure 107,

Cool Down Crackliag

in G~90 Graphite
Entrence Cap of Sepme

ented Throgt Nozzle
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1.1, E, Task 5--Demonstration of Firing Tests (cont.)

carbide insert and a rapge of 2.4 to 5.0 mils/sec for the graphite entrance
cgn. The grophite exit cone ves heavily eroded because of the turbulence of
tae flow zfter the throat segment was ejected.

The carbide entrance segment was sectioned longitudinally

at locations 120 degrees apart. Metallographic examinations supplemented by

cazhon anslvses ==4 density messurements were used to evaluate the material at

A

these locations. Results of these tests indicated that the major portion of
the entrance segment was near the eutectic composition in the range from 2 to
7 v/o graphite flske. The portion of the segment that experienced high
material regression had a high carbon content region of approximately 19 v/o
graphite flake.

A cross-sectional view and corresponding microstructures

of the entrance segment in this high carbon content region is shown in

Figure 110. The materiai in Region A had a typical eutectic composition as
shown by the microatructure in Figure 1'%, while the material in Region B
contained a8 high grarhite flake content as shown in Figure 110c. The primary
graphite flakes in this region were abncrmslly long as shown in Figure 110a.
Some microcracking was obeerved along the planes of the flakes. The flame
surface in this high carbon region sppeared to have been eroded by small
fragments being cleaved along the planes of the large graphite flakes.

Since none of the material from the ejected throat
segaent was found, the mode of failure of this component had to be postulated
based upon what {nformation could be obtained from the other components. As
the design of the nozzle was besed upon the carbide insert being under a
compressive load all during tha firing, excessive or uneven material loss in
the thrcoat region such as experienced in the entrance segment could have
resulted in buckling and ejection of the throat segment. The throat segment
vas more susceptible to this type of failure because it was thinner than the
entrance segment.
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a, Cross-vectioral View of Entrance Zagwent where
Matarial HRerression vas Zyxcessive

b, Typical Balr ‘%~ ¥atrixz .a c. Tycical Hypereuytectis Matrix
Ragion . < Tegion 3
- Figure 113, Cross-seciiveal Yiew of Rezzle Sexremt and Related
Microkt-sotuies Tikan at the Bwgion of Migh (19 vi2}
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Report AFRPL-TR-66-143
I71, ¥, Task S—Demoestration of Firing Teets (comc.)
b.  Stegle Throst Inzert

The appesrsace of the norzle as vimwd from the emrrai ce
2apmct Lo stowm 25 Pipsre 131, The 4-00 grepaite o the regisca sdiacent to
thy Chreat fosart eadersent o siguifirant epoun: of BRtOrisl regrecetion in
CALPATiNn to the tirest fusert. Fmercus reflsi cracks developed on crnl-
dova 1 The grophils. 2 view ef thy throa: fnsert thiouwgh the exit cone is
slosm 2 Pigure 122, The whiis Teglos 1n this Sigure indicatis whers a thin
siguest of the curdids imuert sdjocemt to The gorphite axit cone was ofacted
dnriig the firtrg.

Views of the frgare efter remceal from tha aozele gre
svom 1o Figwes 113 and 114, e meterial loss in

very mmill. lecelised sucfecs plitivg ozeurred ir several mgious (n the
amtrance section. Powr very {ime, lowgitudtnsl cracks dévelcped 1o the fngert
Suring coeldowz. b wary frregular, circemfervotial crack jattern developes

m the 3P avd cutenied dpproxivetely Mlfwey scovanc the circunference 28 ghown
ta Figure 1i5. This crar: extasded to the flame surfoce just aft of the
theoat. The woded slges siceg the ereck imdiceied “hat this crecking cccurred
duriag the firing. Filog R:irlise crecks alsc developad revdonly over the

entirs OB, Figuras 115 ent 116, Dasplle thess cracks, the insert r ens i an
oslidly iurace after ramoval from L% poszla.

“0& sotrance section 7]

Specivegryohls a . i-rey diffractiog anslyses were wode
0 erldur ramoved frog the fafricr of the crecks to eg iblleh whether ¢

crack-
iag occorred during e firiog. Bo svidswce of compust Lion rFroducts suck as

: n.J’ wis fowsd withis ehe crachs. 4g wouid e arpected, the sxigtence of

Al and 35 cempowmis W datetiad un tie flame mrface ef ]
vhize costing ex the of: end sxrfocs of the tasert vhers s
vjactad e ldautifted A ﬂxzo,'.

ineert. Tin
fraguent was
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Figure 112. Exit Section View of Nozzle with 2 TaC-C

Single Throat Insert
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Report AFRPL-TR-68-143

Figure 113.

Entrance View of TaC-C
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Bgit View of TaC~C Thioat Iusert
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Figurs 114,
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View of Tal-C Insert Showing
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Circumferantial Cracking
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Opposite 0D View of Tal~C Insert where caly
Cooling Cracks were Observed
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Report APRPL-TR-68-143
111, E, Task S--Demonstration of Firing Tests (cont.)

FPigure 117 shows the regression prcfile of the nozzle
components. The G-90 graphite in the eéntrance cap and exit cone experienced
high material regression in comparisor. to the throat ine2rt. The regression
rites for the graphite components veried from 1.5 to 4.° mils/scc, while the
curbide insert had a regression rate which varied from i.06 mils/cac at the
throat to a maximum of 1.6 wlls/sec at the exit end of the ingert This low

rate makes thir composite material very scceptablr for tne ballstic require-

ments of nearly all high-performance solid propellant wtors.

The regression rate in the throat vas siijhtly lower
thas the rates, 1.73 :o 1.93 mils/sec, obtained in the HES rocket wmotor
sizylation tests for the same propellant oxidant content. This variasnce in
regresrion rates is undoubtedly due to difierences in boundary layer cond{-
tioscs and the diffusion rates of corrosive gas species across the boundary
layer. 7The presence of al:minum oxide in the propellant exhavst did not
appeir to increase the regression rate in comparison to the HES tests which

contaiized no sluminum oxide in the gas streas.

The carbide insert was sectioned longitudinally at
locations 120 degfces apart. At each location, the entire cross-secifon of

the throat was examined metallographically, and dens’ty and carbon content

-

P

massuremants vere made. Microstructure exawipations showed a uniform discri-
bution of graphite rlakes as showm by a typicsl microstructure i{n Pigure 1iSa.
Cracks were alic obnerved to teérzinate upor striking a graphite flake as showmn

in Figure 118b.

A susmac:y of the results of cardon analysss and dongicy

messuremants tc establish compositions at the three circustercntisl locations

is shoun on tha following page.

Page 211

o it e e + o




P

e ey VAL VoA SNSRI B (e e — ———————,
-

-~

JoOC00Q0000000COD0O0O0O0!

aT3sON OFIdeIneleddy D~-Ov1 s{Sugg 3o ®1¥jo3d vopsssitisy 217 sardyy

LI Hd VO 06-D

Prge 212

Report APIPL-TR-68-143




Report AFRPL-TR-£8-143

a. Tyzical Microstructurs of TaC-C Hypereutectic
Boz:-le Insert, 50X

i

{

U b. - je-sdoation of & Crack in Graphite Flake
100X

£

i

b

Figure 118, Microstructures of Single-Throat Insert
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113, 2, Taek S-—-Demoretraticn of Firing Tests (comt.)

Compositioa Composirion
o Datermined from Betermind Uy
- Cireunfscantial Segmant® Carbon Analyses Daceity Moscurasents
- bot8tI00 Location {r[c grophite flake; (v/o grephite flake)
L Estrance 5 9
=it s
120* Entrance 3 10
Exit 7 ¢
20" Entrance 3 1
Pxit 4

The coupositions darived by carbon snalyess were somevhat lower thsn those

 obtained from deusity messuremente. The effect of porosity cr cracks

insccassidlie to wetar during the dersity messursmeat can cause these slight
mtm.

1 The tampearsturs-time profile derived from s two-

dizemsiona) ‘sent-trznster emalysis of the nozxle desiga is shown in Pigure 119.
Ia this saslysis, the flams surface of the inmsert resches tempersturcs in
eceane of SO00C°Y adortly after igritise and approsches a near steady-state
tampazeturs of SB00°F. A large Lamperature gradient of over I000°F across

&g inaext can ba soted by caxparing ths temperiture curve fir the surfa.e

of Che insert with the temperature cvrve for the carblde/grapaite interface.
Taie largs gradient is due to the ralstively low thermei conduct:7ity of the

carbids comgneits.

As showo ip Pigurs 119, good cor.alatios wz3 ubtsined
hwun the theoratical best-tranvfar apalysis «od rha temparature data
derivad frou the ch~ovei-slumel therwoccuy e iczated im the graphite 1 ie.
Mlow the flame 2urfece ar the thro:t.

WoeaiT Afug the longitwiivai croee-iectisza =f the insert. .
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Report AVRPL-TR-68-143

0s3 in. delow Flems -
urfacs

Carbide/Mrephites Intesrface

-
1~in, wlow {lase surface
Nats frm Chxivmsl/Alwesl
T ~vaccwuple located l-im, ~ \ /
telow Plase Jurfascs. \\
-

}Qh in, dbelow flame-
iin decksy tomlatica)

CW-

—

Figure 119.
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Inarsal Prefile of Single-Throat fosert Kozzle Nesige
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SECTICH IV
CONCLUSIONS AMD RECOMGINDSLYIONS
A, CONCLEETOMS

1. Process Controls and Material Characteristics

s. ¥icroconposite

{1) Critical control of the inperity levels of the

- gtggcing powlare wee voguirad to devaloy the optimm metal-alloy precipitated

pheee. The scat detrizemtsl iwpuricy was oxygen whizh tahibived diFfusion of

the wetal ixts the cardida lattice. 4 20zal oxygen contemt of “70 ppe or less
ia the starting jouders was {ound necerenry.

(21 bsuccessatul fabric- "“om of microcoaposite structures
ic gresthy dopendent wpoz the comtrel of the det press parsmetecs; tuapersarturc,
fu-m. tisg ot tompeusture, aad Cooliss rate.

A (3) Of the microcomposiren tastad, the 8Ta-55Hf-317C
. and 3Te--54L-~30C offer he bast potential for sozele insert appiilcations.

(4) Evcellent resistance to crack projectioe in bend
rtests «2 slovatsd empersturer was achisve’ with the composition 3Ta-S3RE-37C.

». YIal~C Nypersutectic

(1) The adility of tbe fusic: and drop castirg proces:

te meit end cost im-C billete up to 4.0 in. in dismster, has taer demcusirsted.

() Strength and nodulue of slssticity o smaabient

‘Capereture are dapendent wpon carbon content. Compositicns conteining iow
anh. (8 to ¥ »/r graphite flake) had high etrangths (14,000 to 18,000 psi}

Page 250
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iV, A, Conclusions (cont.)

while compositions with hign carbon contents (20 v/r graphite flake) had
low sivengths (ZN00 psi). The wodulus of zlasticity was found to decresne
eimilarly with carbon conten:. Specimens with 9 o 10 v/o graphita flake
had woduld of 30 x 1.06 pei. At high contests, 1% v/o graphite, the wodulus
values dacraessd to 13 x 10° pus.

(3) Eievatal tewpersture flexure strengths fur a givem
couposition could be correlated with the morphology of the graghite flakes.
Flakes cthat are thip, short in length, and evenly di¢persed resuit in higher

2LTRAZLD.

(4) Tharmal expansion characteristics of the hypereutectic

compositions closaly followed the expansion behavior for taatalum acmocarbide.

Z. Lovircoawntal Capabilities

s. Thermal Saock Resistsunce

{1) The Tal-C hypereutoctic composites from eutectic
to kigh cacbos coupositlons hed excellert thermml shock resistance it doth

HeS =nd so0ltd propallsat motor firing tesCs.

{2) Tosrzal stress crackimg cccurred (o doch mizre-

corpc "ite comoositione during HES tests. Cracking wss iess ssvars for the
91a~55L~-V7C compusition thun the ¥Ta-SARL-33( compezition.

b. Chemical Corrusion Resistance

(1) TYhe priacipal wechanisa ces,~nefsle Zor meierial
ragression of Bath arvide composi~es was chremitcal con .sfon caused by

oxidsnrs.

Prge 717
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IV, A, Conclvstons {cont.)

{2) The overall low regression rate and excellent ('J)
stru~tural intagrity of the Tal-C hypereuteciic composite in the solid- f“\ |
propellant moior firings estublished that this compesite had excellent N
potential for nearly ail high perfoimance actor spplications. -

L)

(3) Materisl regregeion of the 1aC-C composites in -
motor firiags vas excesaive in regione of high carzbon content. The material 5;_ ,,) ;
removed sppesred ¢o bu eroded by small fragaents baing cleaved along the ;
plunes of thc larys graphite flakess. Cowmpositiors res: tha eutectic provided ,\“) Z

the best resistance to material ruagresiion. i

(4) Regreasion rates obtained cn the microcomposite

carbi’¢ during HES tects ware significantly lower than the rates sbtained TN
fron the TaC-lined TaC-C hypareutectic composites and Grade G-90 graphite. Q.__,,,) ;
i

3. Propeilant Selection Criteria )

a. TaC-C hypersutectic composit: should be used with Q f

propselisnts containing low total oxidants in the exhavst gases for minimsl o

matsrial vegression. A recommended maximum level would be 13 mol R. 5") ‘

b. ‘the miciocompczite has excellant resistance to corrosion {*)

because of the formation of an oxide film or the flame surface. This couwpcsice -

can bs used with solid sropallapts containing high contents of oxidants in o
che exhaust. It sppesre that propellants witkh oxidant coutent up to 18 mole 2 iw)

could be used with tha composite whan minimal surface regrassior would ve _m) ;

{ ‘
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1V, A, Conclusions (cont.)

4. Carbide Nozzle Dasign Criteria

a. Iv desiguing carbide nozzlies, provisions ahould be
made for the high thermal expansion of carbide f.serts; uniform symmetry of
the throat iusert must be maintained. Sufficient wall thickness mus’ be
provided to withstand high compression loading as material regression occure,
and the throat insert must be under compressive loading during entire

duration of firing. !
B. RECOMMENDATIONS |

1, Frocess Rafineuwsnts

O O00000 O

8. Microcompoaite

3
U

{

E‘f , (1) A reductior in grain size would bs highly
desirsble to increase mschanical properties and heoce thermal sbock resistance.

}

;1 {,yj
2 .
4;. (2) An investigation of lower cost sterting meterials
1f ?::) for producing tte microcosposite is wsrranted.
: ‘ ) {(3) Yurther investigation 1s needed to refine the
- hot-presn techuiqus to anable the veliable fabrice"ien of lacrge noszie
: nﬁ) componante.
i‘”) ({) annealing, strass relisving and slloying of the

= metsl phase are methcds which ahouid b2 iovestigated for additional isprove-
- eeots in ambient and elevated tioaparature properties,

{_ } Page 219
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IV, B, Rocommenistions {comt.)

b. Tel~C Bypersutectic

(1) An improvessnt in casting tochaiques is reacosmendad

 to eliminace rundonly occurring defects im cast billets. The typical type
of dafects found ia billets are xsgions of porosity, “cold shut" and
inbonopanadty. Thewe types of defecta becows more proncunced in larger
‘m'o

, {2) Staudards of quility must be established for thie
clase of mstericls utilising W'T and other gquality control techniques.

2. Matarizl Refinexants
a. Tal-C RByperautectic

(1) The ccatrol of grain »ise end the relationskip
of grais sive with sivergth and the effect of wooling rate from the melt ca
graia sixs, sod in texs, stremgth, should be favestigsted. ‘

(2) Resvlts of this program have shown that the
mtpholagr of the graphite iladx cim Sa varied and xalazed to strangth and
posaibly sherusl stock rosimtance. Furtber sxperimsutacion (o nzeded to
better definn this relstionship sod provide @ meterls) with cptimised
propaztier based upon mdcrostxucturs.

{3} The iavestigation of ailoy additicns which will
improvy vssistance to chremical stesck ¥y corrosive exhsust gas species
sppasre promising a8 » monne of further reducing the regressismu rates of

the hypereutectic cowsosites for ighly exidiming sclid prapellacts.
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1. CHUEMICAL AMALYSIS

A LECO Model 598 combustion snalyzsr vas used to deterxine free ard
total carbon. Froe caron anslysee were determined by dissolving the sample
12 o wxturs of hydrofluvoric and nitric acia. The resaining carhon was
filtered and determitied by combustion armlyses fovolving sbsorption of the
carbon~dioxide gas 1n KOH. Thc gas analysis for the total cardon was
detarnived in a LICO conductivity cell.

II.  METALLOGRAPEIS PROCKDURES

Specinens were mounted fo a conductive mixture of coppir-coated lucite
powder avd diallyphihsalate. The wotallographic praparation of the carbide
specimen was accomplish-d dy successive stages of grinding with silicon
carbide pspers rasying in grit size from 120 to 600. Final polishing was
sccomplishad weing microclutt with Linde ® alumina (0.0S micron) in a 32
chromic acid sclutiom. Ths sawples wers electro-etched using a 10X solution
of oxalic acid, A dip~etca mede up of a 10X solutficn of 62 ms. 32 i,
and 21 HF was uvead to clasn the surface of the specimen to emhance phase
contrast.

The specimeus ware microstructuzally examined with s Zeiss Uitraphot II
Metzllograph.

I¥i.  DEMBITY

The spperent Aeusity was ndssvred by weigiing specimsns {n sir snd
suspended in water. The coparent denaity was calculated froa tha expression:

_ _Veight (air)
Apparent Demsity = ~SiSt (air) - Veight (wecer)

Page 222
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Report AFRPL-TR68-143, Appesdix

;  BARTICLS-SIZX DISTRIMTION--ANDIRASON PIFPET METIUD

The Amdresecs nathod dcpends wpoa the fact that, whem en 1soluble

mideriel 1o dtopersed 13 & liquid nedius end is sliowed to settls freely
“wilflse the forca of gravity, the settling dehavior 1s governsd by Stokes' Law

- ‘mumz—.mmouw-mnnuuu;mmu
‘;mn.wwmm The distsuce seitled will depend upon
the denidtios of Ae meterial end of the suspending medivm, the viscosity
of the suspeniing wadinn, the sise of the particls, sod the lemgch of tims

mmummuudm:onuu.

: nuhln'nu m comsists esesnrially of withdrmwing s semple of
dafinite volme frum a suspameion f & solid and liquid st definite intervals
of tins. The smowmt of solid msterisl in the sample will represent all
‘saterial is the swspemsion which 1s fiaer thas a certain grain size. Thie
gRatu sise may be calculated from Stohes' Lav, which, supressed msthematicelly,

jhum(
‘.\/.___ILLL.
Er -5

8 i}

M:

4 - maximum grais dismster, ca
coafticiant of viscositly of suspending medium, poises

distence throwgh whica the particie settles in a given time,
o

tine, sec

density of particles, plsc

By - density of susponding wndium, gn/cc
§ - sccalevetion of gravity, e-lmz

” .
(I

o »
I
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Repori AFRPL-TR2-68-14), Appenudix

IV, Particle-8ise Distribution--Atdraason Pipat Method (cont.)

By dvaewing ssmples st verious intervals of tiss sad calculating the
parcantasge of the asterial it suwspsnotion finer ttan the grain size corvesponding
to thosa time intervals, &« curve may be plotted which wiil represect the
particie-sira dietribution of the msteriai.

Yor thess daterminstions, vater was used as the suspending sediwm,
which permitted datecaination of the fioeness of powder with particles
rsoging fiom 30 to 0.5 microns. The method is not practical, however, for
scparations belov 0.5 microns because Stokes' Law would becose inoperstive as
a result of the time required.

v. MEASURPEMENTS OF FLEXURAL STRENCTZ

A. THEORY

T B T ey T\ B TG

In single-point icading, the flexural strength is expresasd by
the cquation:

[ .
vyt

vhers

saxisum spplied loed, poumis
lengtrh of span, iaches
widtk of spacimen, inches
depth of specisan, inchas

G O » 9
[ I

]
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B.  EQUIFMENY AKD TEST FROCEDCURES

Tlaxural streagih (moduins of nupturs or tracsverss dend strengtd)
vas ssssured at ssbient and clevated temperaturess by single point loeding,
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V, B, Equipment and Test Procedures (cont.)

using a graphite test tixture shown in Figure 120. Accurate alignment is

. mairtained within the fixture by close tolerance machining to assure normal
loading on the axial centarline of the specimen without eccentricity, and
that the directions of loads and reactions be maintained parallel on the
specimen. ’

The inset phntograph in Figure 120 shows a closeup of the
specimen positioned in the load train on two 0.25-in.-dia highly polished
turgsten carbide bearing rollers. The tip at the center of the hard carbon
(not capuble of being graphitized) load ram contains a 1/8-in.-dia highly
polighad tungsten carbide roller to assure accurate centerline loading. At
temperatures above 2000°7, the carbide rollers commence to plasticslly
defora. Thege are then replaced with hard carbon rollers for the higher
temperature tests. For ambient temperature testing, the distance between the
centerlines of the two support beaving rollers was 1.500 in. and for the
high-temperature tecting, the distarce wag i.700 in. A slightly shorter
flexure specimen wes machined for the room temperature testing since this
specimen was used for determining the room température modulus of elasticity
{(dynamically) prior to the strength test,

A schematic view of the load train in the high tesmperature
flexure furnace 1s showm in Figure 121. The graphite fixture containing the
speciven is heated indirer~tly by radiaticn from a cylindrical, graphite
resistance heatevr specifically slotted to provide a high-resistance pata.
The fixture is positioned on a water-covled copper ram which transxits the
loading during testing to the compression load cell. A bushing in the
upper lid of the furnace provides added alignment to the carbon lcad ram.
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V, B, Equipment and Test Procedures (comt.)

Power 1is suppiled to the fuinace by a satnrable-core reactor-
controllesd 31 iw ac transforser. Spo-imen temperatiies up to 1650°C are

maasurad by s platizum/plstiaum-iCl riodium chermocouple and temperatures from

1650 to 2200°C a tungsren/tungoten-261 rhentum thereocoupls is positioned
osar the surface of the ipecizman. abowe these tempeTatures, a Le2ds and

Nortarup dissppesrins, filame:it optical pyromater 13 used.

Figure 122 shows a view o/ zh: furnnce mounted on the Iastron test

machizra, For the slevatad tsmpsrature tsals, “he sp2cimen was hested in an
grgoo éitsosphere to the required test teweerazure asd then heat-soakesd for
15 minutes. 7The load i3 applied ai & consteat srose-head travei rate of
0.02 in./ufnute. The strip chart on the macuine records load 7ve time.

vI. TRERMAL DIFFUSIVITY
A, TEEOEY

The flash etd -4 of determining thermal diffusivicy {thermal
conductivily) cousists eesantizlly of the ubsorpifion of a viry short pulse
of radiznl emargy iz the fromt of a epecimen, :nd the recording cf the
resultsnt tepperaturs history of the rear surface.

In the ideal! crae of a perfectly insulated specimen with a
conziant absorptivity arress ice surfecs, uetformly ircrcdisted with a pulase
of thermil emargy short ccepared vith tae time recuirsd for Beat to flow
through the material, che “sck surface tempeisture his%ory is given by

Tilye) r - : 2z
T = j#2 T<1 {(-1) exp (o ¥ atfL) {xg 1)

.
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vhare T (L,t) represents the instantaneous back surface tempersture rise at
time t, Tn is ths maximum back surfice temperature rise, a 1s the tharmal
diffusivity in cnzlnnc, L is the sp. n “hickness in cm, and n reprasents

successive integers. At tha tice 21;?; v~ere T(L,c) = 0.5 Tm, Ea 1 reduceg to

a= x _ 13t _ ot

pCp ¥ t1/2 t1/2

(Eq 2)

Hence, the thermal diffusivity of a material can be detercined from the speci-
man thickness and the time in seconds required for the back surface temperature

to reach one-half of its maximum value.

The success of the method depends upon adequatzly meeting the
boundary conditions which lead to Equation 1. Figure 123 is s dimensionless
plot of Equation 1 and represents the form that the back surface temperature
hiatory of the sample will take if these boundary conditions are satisfactorily
met. A departure of the data from this curve illustrates that thesa conditions
have not bean met and invalidates the data. ‘

A condition vital in the use of Equatiun 1 is that the front
surface of the sample sust be uniformly irrsdiated with & pulse of thermal
energy in & time which is short compared to the rise time of the back surface
tempevature. To accomplish this, a xénon flash lamp is used as the gource of
that therwal pulsa. The lamp used {s 8 General Electric type 524 through
vhich 600 joules are discharged. The pulse is essentially completed in
S00 microgec while the time to one-half of the maximum of the rear surface
tesperature wvas for the mest par.. 50 to 300 microsec. It should be noted in
Equation < that, for a given material, the rise time of the rear surface
temperature is a functiod of the agquare of the sample thickness. A sample
thickreas suffictant to satiafy this condition of a ahort pulse duration
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VI, A, Theory (comt.)

should be ts2d, Hovever for a given avount of input emergy, the aaximun
temperature rise attained, Tﬂ, 18 an iaverse function of the thickness of the
sample, and to maximize the temperature of jrradiance, the dietridution of
that irradiance on the froat surface of the sample is imporzant zs noted
earlier. It is a simple proceduzrs to obtsir uniform irradiazion on a small
flat surfece from a flash lsmp, but it ia a boumdary condition which must
navartheless bz satisfied, otherwice the shape shown in Piguve 1 cay be
distorced., The 2-in.~dia helicsl lawmp is placed without optics only & few
centiweters from the sasple.

Tae other boundary condition irzposed on Equation 1 is thar the
specizen be perfectly insulated, The degres to which rthis {u satisfied
within the time limits of interest is indicated by the decay rate cf the
back surface temperature after the maxiwus Iu is sttained. 3ecause of
thege factors, the sample holdar akould be designed sn 38 to minimize all
hesat lossas. Conductive heat lossas are minimized by supporting tha sample
on & small arsa. Provided sppropriate care is exercised by the experimenter,
conducticp Lieat lospes, as well ae conveciive heat losses, are regligible
because of the short times involved ia the flsab technique. Radiative heat
losoes at high temperatures cannot be eliminated and, therafove, could

ceastitute the gieatest nsrohlem in tha satigfaction of thie boundary conditiom.
B.  EQUIPMENT AND TEST PROCEDURES

The experimental apparetus used in these meaaurements is shoum
schematically ia Figure 124, The induction hsater coill leads are fed inte
the vacuum chacber and forz & coil with an inside diameter of about one
inch, Tha sampla is held in position in the coil by a mount machined froa
lava and baked to a cersmic. Shields of boronm nitvide prevant heating of the

chambar walls bty radiation f:om the sample. Fused guartr i{s used for the
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V1, B, Equipment and Test Procedures (cont.)

top window dbecausz the large thermal gradients close to thz hot samples

would crack glass windows. The steady-state temperature at which wmeasuremeuts
are made is iodicated by thermocoupla leads fasiened to the zdge of the
samyie and fed out of the 7vacuum system. An optical pyrouetar i{s used at
tesperatures sbove which vlaticum/platisum-rhodius thermocouples will perform.
A glass ient belos the sawmpla focusas the center portiom of the rear of the
sample on a lead sulfide cell which messures the surface temperature history
over a rangs from 300 tc 1800°C. The linzarity of the lead sulfide cell is
adequate since ths temperature change of the sample from the pulse is not
more than a faw degrees. It should de noted that a knowledge of the absolute
valua of detector sansitivity or the thermal inpat te the saple 1s not
required becsuse only t1/2 is iavolved in Equation 2, and thds time can de
chtained from the calitrated sweep of ths oscilioscope.

The detector ls counscted differentially through & load sclector
and balavce comtrel unit to the Jdifferextial preawp of an oscilloscope. The
use of diffecential detector circuitry is necesssry to minimizec the effects
of the extremely high msgnetic field which surrounds induction heating coils.
A trigger delay circuit is used to fire the flash lawmp after the oscilloacope
swasp bas beer triggered. This is necessary to hava a base line on the print
from which tc mespurs the change in the detector cutput volrage.

Figura 125 is a Polarcid print of the oscillescepic delay of the
deiector output for s aicrocowposite specimn. IYhen the shape of the
tempsratuzre rise is compared with Figure 123, the agreemznt indicasies the
toundary raquiremants have besn satisfied by tha samples reported heres.

Since heat losses frou the ssaple wvould show up as & decay in the detecter
output aftar the initial rise, it 1s evident from this print that the thermal
pulse travels through the sample in 2 tiws vhich is 2xtremely short compared
vith the time vequirad for ths sample tc reatura Dy beat losses to the wguilidb-
riue cemperatura st vhich the mmacurement {o made. Nonuniicoru illumination

of the front surfsce could distort the kxnee of the curve.
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VII. THERMAL EXFANSION

The test method used for tharmal expaansicn measurcments was s!silar
to the cptical techanique reported by Commiy and Losekawp {Refarence 1) where
distances bdetwesn raference edges of a hovizontal specimen are obgerved and
measured a: various stealy-state temperaturas by a palr of filar wicroszopes.
Fiducial marks are ground in the specimen to provide a gage distance of
2.0 in. The specieen is dested by thermal rasdfation from a 6-in.-long,
hollow c¢ylindrical-type grephita heating element. The heating slement
completely encompasses the specimen and rsdiation shields mipimize heat leakage
and maintain a uniform specimen temperature. A 10 nsig helium gas atmosphere
is maintained around the specimen and heating slement during all testn. The
arrangeasnt of the microscores on the furnace is shown in Figure 126. The
filar microscopes sight on the edges cf the fiducial marks in the spscimen.
Room temperature seasursments of the distancz detween adges of the gpacimen
were made before each test and similar measurements during the teat were made
at steady-state temperatures ranging from 25 to 2760°C. The micrcecopss
used provided a reading accurscy of ¢ by 1()_s in. The specimen temperaturs
is deterndned with an autometic recording optical brightness pyromatsr,
which views the spacimyn fros the end of the furnace.

Dats correction factors are applied to temperature msssurements made
tarough the quarts window using the uptical pyromater and to exparsion
measuremsnts made with ‘he microscope through a column of hot gas. Tewmparaturs
corrections for the ctart- window are ceotermined by observing a hot tungsten
filament lamp for con’ - ons with and without a qusrt: vtndoi in froat of
the cptical pyrometer. Optical corrections for erpansion messursments are
deterwired fron teste cooducted on epecimens doth in a vacuum and the general
10 peig bheifum test stmcsphere. Expansion mseasurements ic & vacuum are con-
sidered true. This lotter corruction is most significant and very imgoriant
for accurate resulte. All of the corractisas descridbed arz spplied te the
expansion daca in en IBM 1130 computer program which darives a "{east equare
f{e" for the ~orrected dats to the followicg equation:
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Vi1, Thernal Expansion (coat.)

M baee

cC =
Laec

- A, (1-21) + A, (T-21)2
1 2
vhrre:

a - thermal expansion

Ll. - leugth t2twveen edges at T
length batween edges at 21°C
T - temperature, °C

‘1"‘2 - constants

VIIL{. MELTING POIUT DETERMIKATION

The Pirani salting point method, us described in Reference 2, is used
vhereby a small sample bar with a dlack bcdy hole in the ceater is hesced
resistivaly. The tewperature of the bisck body {s messured with an optical
pyrometer. Incipisnt melting 1s detected by cbservation of a chaige in
sissivity witkin the black body hole due to the formation of melr in the
center of the specimem.

The melting peint furnace consists of (w0 weler-leclad coppét
electrodes enclowed in a double-jacketad vacuam-tight Lousing. The specimenm,
whick is held between two tungstan platelets, is clamped dirsctly onto the
vater-cooled elactrodme (Figure 127a). A ccostant force, applied througk a
lever arm by weiphts (visible in Figure 127b in frort of the slecircdes)
ensuras good electrical coutact between specinen and electrode. The therma)
expansion of the specimen is sccounted for by having cne movadle electrode.
Figure 128 abows a typitral Pirsal aelting pointl specimen produced from the
ul crocomposi e compoesitions.
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V1iI, Melting Pcint Determination (cont.)

A gravity balan~ing system, firmly cunnected f¢ thie movable electrode
on the outside of the chuxber allows the speciman tn be put either under
suizl teasion or compression., The maximum axial force, which can be exerted
ia this wey ou the sampla is +2000 g and can be controlled to within +30 g.
e furnace zan be operated aither under vacuum or und2r inert gas of up to
~~1/1 atuospherss,

The power supp’y counsists of a 50 kva saturable core-reacroi. step~
down transforaer system. The power control is effected by way of the de-
supply of thLe saturable iesactor by mesns of a potentiometer with continucusly
varisble dc-zpeed drive. Power appiication rates can he var‘ed between
20 and 15,000 watts/sec, and ara controlled by foot switches at the operator's

gi'e,

The temperature of the -.mple is measured optically with & disappearirg-
filasent type wicropyrometer through s quartz window in the furnace wall.
A smell hole, generally in the order of 0.6 to 1.0 mm in diameter, drilled
or presssd into thc sample, serves as the relerence point for the temperature
aeasuresents. T: Lcrnpy ~cmeters &re parindicaily calibrated agoinst standard
lsape, which were calicrated aul certifjed by the Naticmal Bureau of Standards.
As a further weans of azsurance of the calib: ction, the pyrometers are neri-
odically checked directly agaiuet a sisadard pyrometer, calidrated and certitied
by the Nutional Burcau of Standards.

IX. MODULUS OF ELASTICITY

A. TEFORY

The dynamic mouulus of alasticity was derived denamicaliy by

the use of a cowpoaite plezoclectric resonator which ojerates o the theorem
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IX. A, Theory (cont.)

that a linear mechanical vibrator driven by a condenser-coupied emf behaves
alectrically like a simple combination of circuit elements. For a multi-
componsnt resonator, the resonant f{requency of a component is given by the

following equation:

1
Fa - M [atrc - MrFr]
s
where:
Ms’Mt’nr maes of sample, total resonator assembly and

resonater assembly minue the semple,
respectively

F',Ft,Fr - the corresponding resonant freguencies
The valuves for Ft and F_ ave measured directly and Fs 18 then calculated
from valuey of Ft and Fr' The modulus is then calculated as a function cf

temperaturs,

2
g - p(zzsss)

s
p - specimen density
15 - speciien length
F’ . speciran resoveat freguency

B,  EQUIPMEN[ AND TEST PROCEDURES

The nmeasurement system is showm schemctically in Figuve 129, and
a view of the tes: eqguipment is sh¥m in Figure 130. The driver-gauge
cocbination is a permanent assembly made by bonding two quartz vods together
with baeswax. For room temperature modulus weasurements, the specimen 1is
bonded directly to the end of the driver rod with & thin film of beaswax.
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IX, 3, Rquipment sud Test Procedures (cosut.)

' “M AsaNuTementy at slevatéd temperatures, a long sapphire rod, cut so that

it has s harmonic resonance at the fundamental fraquency of the driver-gage
uait, is laserted batwesn the specimen and the driver. This permits the
quarts counponsat= %0 be maintained nesr room temperature while the specimen
at ths end of the rod 1s inserted iato the furnace. The mejor experimental
difficulty for high-temperutuz: measurements is obtaining a cement which
provides sufficient bonding at the high temperature. Generally, Saueriesen
cement is used for joining the specimen to the sapphire rod. The temperature
limit by this tschniyue iz approximately 1200°C.
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fease activiiy of other ergamisetion (conpecate suther) issiing
the apor.

ie. REPORT SECUNTY CLABRFICATION: Eator the ever
ol! sacurity classification of the repevt. fadiceis wheither
"Restricted Dats" 12 incleded Nasking is w be in sccord
ance with eppropriate secarity reguistisns.

5. GROUP. Auwomatic downgrading is apecified ia DeD Di-
rective S200 10 and Armed Forces lndustrial Momsol. Emter
the group number. Also, whea sgplicsble, shew thet optional
merk .ags have . " wed for OQruap ) aad Group ¢ as smther-
\zed.

3 REPORT TITLEL: Emer the complete repont titie in all

capital iattevs. Tit'es in ol casos showld be uncisnsified.
U ¢ sroningiu! title conmet by sslacted withewt clossifice

tion, show fitle classilication ta all copitals in paventhssis
immedistsly foliowing the title.

4. DEICRIPTIVE NOTER [f gagvepriste, onter the type of
PO, ¢. g, A\ TUR, Srigrees, Bummery, saansl. o final.
Give the inclusive diten whon o apecilic repernting porsed is
covered,

5. AUTHONS): Eniec the soms(4) of authoo(s) ss shown o
ar 1a the ruport. Enter toes nasee, first name, muddl e snitiol
H ridery, shew rank and branch of sarvice. The same of

the priacipsl « Whee v o8 yn

6 REPORY DATL. Eaxter the dote of e report ss Say,
manth, yoor 2 womh, gees i owee thos sar dute appeers
SR ING report, vee dite of puldicatine.

Te. TOTAL NUNBER OF PACEE The tetal yage count
should {nllow meemal pagiaation pracaduree, L&, emter th
sumbdev of pages cemtaxiing informetion

e WUNKGER OF REFEREINCER Entwr 1be tetal aumber of
reflevances cited & 1he raport.

8 CONYRACT OR GRANY NUMBER |f sparopriste, ontee
the spplicanie numbor of 1he coatract w groat whder which
the repact was writton

85 . &8¢ PROJECT NUMBER Kater ihe Mpprepriste
ealitary dopartmen (denich stidn, tuch so prorect miaher,
D rHect menleay. apsten smbere, (eok mumber, ste.

Ss ORMIGINATOR'S REFORT MUMBENE: Eater the oM
€10} copnrt aumber iy which the dexoneut wiil be (doan ifled
and contraiied 6y the eriginting ectivety. Thie mamber et
e cnmgue 10 {1t raport.

o4 OTHER REPORT MABRERE) ¥ the repent bt deun
288igrad eny other rapcA nuubers {echor 2y the arighnsder
sr oy the wpenoer;, olos enter il 8 Aeder(s)

10 AVARLABILITY/LMETATION NOTICRER Eater any ixe

1ot one on Lather Ssncaunsiinn of L repart, sfher thee theyef

mpescd by sacwrity classificsticn, using stemded sistomonts
onch s
(1) “Qualified requesters may sbtain capies of this
repent {om DOC.'*

() “Foreign sanoun sk & of thus
rapoet by DDC is ast svtheeised **
(H “U & Jeversmort o8 may et

ages wiee of
this rapert disecd 5 hom DDC. Other quel iffed DDC
ssors chall rogeant through

(4) "U. & wilitary agearics may ebtein copios of thiis
report divectly lrem DOC. Othar gualified nonrs
shall 13yuent threwgh

"

{3) AUl distribution of this ropert i3 centreiied Qual-
ified DDC uoars shall request throngh

If thy repont has been fwni chod to the Office of Teachnical
Servicos, Departrasnt of Commar=e, for sale te the public, indh
cote this fact and eunter the price, if Anaon

1L SUPPLEMENTARY NMOTEE Use for addstional suplana:
tery anten

12 SPONIGRING MI° [TARY ACTIVITY: Emoer the apme of
the Jepimental prejact office s lubormtory sponsering (poy
ng fev) the ressurch and dovelspmant. lariude atiese

13 ABSTRACT: Eater o shetrect giving ¢ brsf and facrue!
summary of the docvment dicotive of 100 report, even theugh
it Bar alon opgser sloewhers ia e Yody of (he \echascel ro-
et I sdbirions! space is roquired. ¥ ¢ sheet che!l!
e attoched

v Jughly desirebie thet the abatrect of tlasesfied epare
b excisssified Koch paragrogh of the shetrect sheil end wich
aa thducotion of the miliary secunty classificairon of (he -
fermation 1a the peragrogh. represenied 0o (T 3 (C) e U

Thers 18 80 Limusiion on the of the etetrect Mew
ever. the suggestod leagth s frem | W) t9 128 wenie

14 KAY SORDE: Koy words ore technicaily mecamnghil tevms
o0 short Phrooss DBt characteariar 8 POt sad mep he used o
nads s omtnes fwr cewlogumg Yo ropart Koy wovde Bust be
tolscied ne Mot pe eocuniy clasnificoiion 1o roqguind  Liven
Heee, sach o8 opuupnont Dads! dotignetran. trode oeme. slitery
mejoct code aeme. ¢ locatien. moy b ood 0g by
werdn et onil e lowed by an wdacotiaw of rechasce! com
test  The sssigmment of lamhn reies cad meights s sptiemal
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